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FOREWORD 

This  report  was  prepared  at  the  Department  of  Chemistry  of 
the  University  of  Cincinnati,  under  Grant  AFOSR  85-0027.  The 
research  described  herein  was  administered  under  the  direction  of 
the  Air  Force  Office  of  Scientific  Research,  Bolling  Air  Force 
Base,  Washington,  D.C.,  20532. 

The  report  covers  work  carried  out  b  tween  November  1,  1982, 
and  October  31,  1987,  and  was  prepareo  in  December,  1987. 
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A.  RESEARCH  OBJECTIVES  AND  ACCOMPLISHMENTS 


The  first  primary  objective  was  to  obtain  an  understanding 
of  the  properties  of  relatively  stiff  polymer  chains,  and  to 
provide  guidance  on  how  these  properties  can  be  exploited  to 
obtain  high-performance  polymeric  materials.  More  specifically, 
one  goal  was  to  use  s emi - empi ri cal  and  quantum-mechanical  methods 
to  obtain  information  on  the  physical  properties  of  rigid-rod 
ben :obi soxa zole  (PBO),  benzobisthiazole  (PBT),  and  structurally 
related  polymers.  These  materials  are  of  importance  to  the  Air 
Force  because  of  their  high  mechanical  strength  and  excellent 
thermal  stability.  Such  calculations  involve  energy  calculations 
on  both  intramolecular  (conformational)  effects  and  interchain 
interactions  for  the  polymers  in  both  the  unprotonated  and 
protonated  states.  Of  particular  interest  is  the  extent  to  which 
the  various  ring  structures  in  the  chains  deviate  from 
coplanarity,  and  how  these  deviations  affect  the  ordering  of  the 
chains  in  the  crystalline  state.  A  related  feature  is  the 
protonation  of  these  chains,  which  occurs  in  the  strongly  acidic 
media  used  as  solvents,  and  its  effect  on  structure  and 
deviations  from  coplanarity. 

One  specific  study  (2:j  involved  conformational  energy 
calculations  on  two  polymer:  (AAPBO  anc'  ABPBO)  related  to  PBO. 
Another  (32)  addressed  chair,  acking  in  a  ladder  polymer  (BBL), 

* 

Reference  numbers  correspc,,  to  those  in  the  attached  Cumulative 
List  of  Publications. 


and  a  less  stiff  but  structurally  related  polymer  (BBB).  Good 
agreement  with  experimental  structural  studies  was  obtained,  and 
the  geometry  optimization  technique  was  tested  on  a  series  of 
small  molecules  (16).  All  of  the  results  obtained  on  these 
aspects  of  the  program  are  summarized  in  several  more  general 
review  articles  (7,35,43). 

Some  theoretical  and  experimental  investigations  were  also 
carried  out  on  more  tractable  random-coil  polymers  in  order  to 
evaluate  the  theoretical  methods  and  to  obtain  more  insight  into 
the  properties  of  the  structurally  related  rigid-rod  polymers. 
These  studies  specifically  involved  some  polysilanes 
(6,31,38,47),  polygermanes  (47),  pol ys i lo xaner  (9),  ethylene- 
based  polyesters  (34),  and  an  enzyme  inhibitor  (DAMP)  (2,4). 

Electronic  band  structure  calculations  were  explored  with 
regard  to  the  types  of  cone  .  :  ty  which  ma}/  II  c  nterest  for 

electronic  applications  of  tne  rigid-rod  pej ymers  and  related 
materials.  Similar  calculations  were  al  r  carried  out  on 
relatively  small  molecules  having  struct'uia]  features  in  common 
with  the  PBO  and  PET  polymers.  Specific  systems  studied  were  PBO 
(1),  two  PBO-related  polymers  (AAPBO  and  ABPBO)  (27)  PBT  (1,3), 
two  PBT-related  polymers  (AAPBT  and  ABPET)  (36),  substituted 
polyacetylenes  (14),  doped  tr  ar^^- pol  ya ;  .  yl  c  nt  il;.;,  two  polyynes 
(17),  iridium  carbonyl  ciiloride  ch,'  '  r  (5),  and  a 
bis  (oxalato  )platinate  complex  ('3).  Sevei'a.  ymers  were  found 

to  have  relatively  small  i..  .  gap--,  and  c,  .  -  Li.^.eiore  be  of 
considerable  practical  impc  .  nee  M;  v  i  s 

summarized  in  two  review  art:  jes  (41,45) 
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project  are:  1)  to  apply  existing  methodologies  to  calculate 

hyperpolarizabilities  of  small  molecules  and  polymer  subunits  and 
2)  to  develop  new,  more  accurate  methods  for  the  calculation  of 
such  hy'perpolari  zabili  ties  . 

Another  series  of  investigations  explored  the  idea  of 
precipitating  fillers  into  elastomers.  The  goal  was  to  provide 
reinforcement  of  these  materials.  Also,  since  the  hydrolysis 
reactions  used  are  very  similar  to  those  used  in  the  new  sol-gel- 
ceramics  technology,  advantageous  connections  between  these  two 
disciplines  could  be  obtained. 

In  one  series  of  silica  pc  fillers  were 

precipitated  into  unimodal  and  bimodal  sil^xane  polynners  after 
the  curing  process  (11-13,22,29,57,59,42).  li  was  found  that  the 
precipitation  could  also  be  carried  out  during  the  curing  process 
(18,19),  or  before  it  (25).  Good  reinforcement  was  observed  for 
these  elastomers,  and  for  some  thermosets  (20)  as  well.  Titania 
particles  (29)  and  iron  oxide  particles  also  gave  good 

reinforcement.  In  some  cases  extractior  es  gave  even 

larger  increases  in  mechanical  properti'^'  nd  thus  even  better 
reinforcement  (10). 

It  may  also  be  possible  to  intr^...,^  ,  .  ^imabi  1  i  t  y  into 

the  filler  particles  by  carrying  along  •  vdrocarbon  groups 

from  the  material  being  hydrolyzed  .:tj.  Magnetic  filler 
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particles  have  the  advantage  that  they  can  bt  manipulated  with  an 
external  magnetic  field  (23). 

Particle  sizes  and  particle  size  distributions  have  been 
studied  by  electron  microscopy  and  small-angle  x-ray  scattering 
(8,30).  Correlation  of  this  information  with  hydrolysis 
conditions  and  mechanical  properties  is  providing  valuable 
guidance  for  the  exploitation  of  these  materials. 

The  major  results  obtained  in  these  reinforcement  studies 
are  summarized  in  a  series  of  review  articles  (26,31,46). 

It  is  also  possible  to  use  compositions  and  hydrolysis 
conditions  that  make  the  silica  the  continuous  phase,  and  the 
polymer  the  dispersed  phase  (44).  Such  pol  \Tner-modif  ied  ceramics 
could  have  extremely  attractive  properties,  for  example  reduced 
bri ttl eness  . 
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Calculation  of  Electronic  Band  Structures  for  Some 
Rigid  Benzobisoxazole  and  Benzobisthiazole  Polymers 


D.  BHAUMIK  and  J.  E.  MARK,  Department  of  Chemistry  and  Polymer 
Research  Center,  The  University  of  Cincinnati,  Cincinnati,  Ohio  45221 


Synopsis 

Quantum-mechanical  methods  were  employed  to  calculate  electronic  band  structures  for  the 
polybenzobisoxazole  (PBO)  and  polybenzobisthiazole  (PBT)  chains  originally  synthesized  and  much 
studied  because  of  their  utility  as  high-performance  fibers  and  films.  For  cis-PBO,  trans-PBO. 
and  trans-PBT  chains  in  their  coplanar  conformations,  the  band  gaps  in  the  axial  direction  were 
found  to  be  1.72,  1.62,  and  1.73  eV,  respectively.  Since  irons- PBT  is  nonplanar,  calculations  on 
it  were  also  carried  out  as  a  function  of  the  rotation  angle  ()>  about  the  C — C  bond  joining  the  two  ring 
systems  in  the  repeat  unit.  The  band  gap  was  found  to  increase  markedly  with  increase  in  nonpla¬ 
narity,  as  would  be  expected  from  the  decrease  in  charge  delocalization.  The  calculations  suggest 
the  most  likely  value  of  <ii  to  be  ca.  30°,  in  good  agreement  with  the  experimental  value  23°  obtained 
by  x-ray  analysis  of  a  crystalline  trons-PBT  model  compound.  At  this  value  of  </>.  the  calculated 
value  of  the  band  gap  is  1.98  eV.  All  of  these  values  are  very  close  to  the  corresponding  values  of 
1.4-1.9  eV  reported  for  Ira/is -polyacetylene,  which  should  encourage  further  theoretical  and  ex¬ 
perimental  investigations  of  the  electronic  properties  of  these  polymers. 


INTRODUCTION 

The  three  polymers  of  interest  in  this  study  are  the  polybenzobisoxazole  (PBO) 
chain  shown  in  Figure  1,  in  which  the  two  oxygen  atoms  of  the  repeat  unit  are 
cis  to  one  another,  its  trans  modification,  and  the  trans  modification  of  the 
corresponding  polybenzobisthiazole  (PBT),  in  which  sulfur  atoms  replace  each 
pair  of  oxygen  atoms.  As  can  be  seen  from  the  sketch,  these  polymers  are  very 
rigid  and,  as  a  result,  they  frequently  form  liquid-crystalline  as  well  as  crystalline 
phases.  This  has  become  of  considerable  interest,  since  fibers  and  films  from 
these  liquid-crystalline  phases  can  have  exceedingly  good  mechanical  properties, 
even  to  very  high  temperatures.' 

Of  interest  here  is  the  fact  that  the  same  structural  features  that  give  the  de¬ 
sired  chain  rigidity  also  give  extensive  charge  delocalization  and  resonance  sta¬ 
bilization.  Such  characteristics  could  be  conducive  to  electrical  conductivity, 
a  topic  of  much  current  interest  in  polymer  science.^-'^  The  present  goal  was 
therefore  to  carry  out  preliminary  calculations  of  electronic  band  gaps  in  order 
to  determine  whether  any  of  these  molecules  show  promise  of  being  semicon¬ 
ducting,  either  undoped  or  as  modified  by  a  suitable  dopant. 

THEORY 

For  any  molecule,  including  polymers,  the  LCAO  approximation  and  Bloch’s 
theorem  can  be  used  to  describe  the  delocalized  crystalline  orbitals  as  a 
periodic  combination  of  functions  centered  at  the  atomic  nuclei.  For  a  one- 
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Fig.  1.  Repeat  unit  of  the  Ws-PBO  chain. 


dimensional  system  in  which  JVi  —  1  cells  (repeat  units)  interact  with  the  refer¬ 
ence  cell  (Fig.  1)  and  for  a  basis  set  of  length  u)  describing  the  wave  function  within 
a  given  cell,  the  nth  crystal  orbital  i^n(k)  is  defined  as*^^^ 

4>nik)  =  t  C„„(k)(<.,,(k)  (1) 

where  \<t>J  is  the  set  of  Bloch  basis  functions 

I  (A|-l)/2 

~  ^  exp(ik- R>)x,,(r  -  R;)  (2) 

The  quantity  k  is  the  wave  vector.  The  position  vector  R^,  in  the  one-dimen¬ 

sional  case,  is  given  by 

R;=>ia,  (3) 

where  ai  is  the  basic  vector  of  the  crystal.  The  crystal  orbitals  are,  therefore, 
1  (iVl-ll/2  or 

^  TJifi  ^  i;  exp(ik-R;)C„^(k)XM(r  -  R;)  (4) 

■^1  /I— (A|-l)/2^=l 

where  C„„  (k)  is  the  expansion  coefficient  of  the  linear  combination.  The  basis 
functions  x«  are  exponential  functions  of  the  Slater  form.  The  present  calcu¬ 
lations  included  all  the  valence  atomic  orbitals  of  the  H,  C,  N,  and  0  atoms  but 
for  S  atoms  only  s  and  p  orbitals  could  be  considered. 

Using  the  extended  Huckel  approximation,  we  obtain  the  corresponding  ei¬ 
genvalues  £n(k)  and  coefficients  C„„(k)  from  the  eigenvalue  equation 

W(k)C„(k)  =  S(k)Cn(k)£n(k)  (5) 


TABLE  1 

Atomic  Parameters  for  the  Extended  HuckeJ-Type  Calculations 

Orbital 

Slater 

Valence-state  ionization 

Atom 

X. 

exponent 

potential  H,,  leV) 

H 

Is 

1.30 

-13.6 

C 

28 

1.625 

-21.4 

C 

2p 

1.625 

-11.4 

N 

2s 

1.95 

-26.0 

N 

2p 

1.95 

-13.4 

0 

2s 

2.275 

-32.3 

0 

2p 

2.275 

-14.8 

s 

2s 

1.817 

-20.3 

s 

2p 

1.817 

-13.3 
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Fig,  2.  Calculated  band  structure  for  cw-PBO  in  the  coplanar  conformation. 


where  H(k)  and  vS(k)  are  the  Hamiltonian  and  overlap  matrices  between  Bloch 
orbitals  defined  as 


H„,(k)  =  <0^(k)|Heffi0,(k)> 

(6) 

S„,(k)  =  <(i>„(k)j0,(k)> 

(7) 

The  distribution  of  the  E„(k)  values  for  a  given  n  with  respect  to  k  (usually 
within  the  first  Brillouin  zone;  — 0.5K  <  k  <  0.5K.  where  K  =  27r/ai)  is  the  nth 
energy  band.  The  set  of  all  energy  bands  describes  the  band  structures  of  the 
polymers.  The  atomic  parameters  of  the  extended  Huckel  calculation  used  in 
the  present  study  were  obtained  from  the  literature*®  *'  and  are  detailed  in  Table 
I.  In  the  present  calculations,  lattice  sums  were  carried  out  to  second -nearest 
neighbors. 

The  geometrical  parameters  (bond  lengths  and  bond  angles)  of  the  repeat  units 
of  PBO  and  PBT  were  obtained  from  the  x-ray  structural  studies  conducted  on 
model  compounds  by  Fratini  and  co-workers.'®  ‘®  The  two  PBO  polymers  have 
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Fig.  3.  Calculated  band  structure  for  frans-PBO  in  the  coplanar  conformation. 


planar  repeat  units,  but  the  Crans-PBT  repeat  unit  has  the  p-phenylene  group 
rotated  by  To  determine  the  most  probable  configuration  of  the 

trans-PBT,  values  of  total  energy  per  unit  cell  <£(  >  were  calculated  from  their 
band  structures'®  '"  as  a  function  of  the  dihedral  angle  0  (Fig.  1)  in  increments 
of  10°.  The  equation  employed  was*®-'^® 

1 

<£()=—  I  £,(k}dk  (8) 

K  J-v^n 

where  £((k)  is  the  total  energy  at  k  and,  according  to  the  extended  Hiickel 
method. 

occupied 

£,(k)  =  2  t  En(k) 

n 

RESULTS  AND  DISCUSSION 

The  repeat  units  of  PBO  and  PBT  contain  even  numbers  of  electrons,  and 
therefore  there  is  no  partially  filled  band  in  their  electronic  band  systems.  The 
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Fig.  4.  Dependence  of  £,(k)  on  k  for  (ron.'s -PBT:  !•!  0  =  0°.  (  a)  10°.  20°.  lO)  00°.  1 X)  40°. 

lai  50°.  («l  60°,  ( 70°,  (A)  80°.  (▼)  90° 


band  structures  of  cis-  and  frans-PBO  calculated  as  described  above  are  shown 
in  Figures  2  and  3,  respectively.  In  each  of  these  figures  the  conduction  (i.e.,  the 
lowest  unoccupied)  band  and  the  valence  (i.e.,  the  highest  occupied)  band  are 
shown,  along  with  four  other  occupied  bands  immediately  below  the  valence 
band.  The  general  shapes  of  the  band  structures  of  both  polymers  are  very 
similar.  In  each  case  the  valence  band  and  conduction  band  are  both  made  up 
of  JT  orbitals.  The  band  gap,  which  is  the  difference  between  the  energies  of  the 
valence  band  and  the  conduction  band,  is  1.72  eV  lor  ci.s-PBO  and  1.62  eV  for 
trons -PBO. 

For  trans-PBT,  the  plots  of  £,(k)  vs.  k  for  different  values  of  the  dihedral 
metrical  about  the  zone  center  of  the  first  Brillouin  zone,  only  one-half  (0  <  k 
<  0.5K)  of  each  of  these  curves  is  shown  in  the  figure.  From  eq.  (8)  it  is  clear 
that  the  energy  (£, )  per  repeat  unit  for  a  fixed  (>'is  equal  to  the  area  enclosed 
by  the  corresponding  E,  (k)  vs.  k  curve  over  the  range  -0.5K  <  k  <  0.5K.  The 
most  probable  configuration  of  PBT  would  correspond  to  that  value  of  0  for 
which  (Et )  would  be  maximum;  i.e.,  when  the  £,(k)  vs.  k  curve  encloses  mini¬ 
mum  area  [because  the  £((k)  are  all  negative).  Qualitative  estimation  shows 
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V  ('alculaied  band  sirucuire  lor  rran.s  PBT  in  ihe  conformation  corresponding  to  the  rota¬ 
tional  angle  o  »  iO® 

that  0  =  30®  is  thv  prediction  for  the  most  stable  form  of  trarw-FB  T.  This  is 
in  very  good  agreement  with  the  result  obtained  from  crystal  structure  analysis 
of  the  trans  PBT  model  compound.'  However,  both  theoretical^*  and  ex¬ 
perimental'-^'^  investigations  indicate  that  trarw -PBT  polymer  occurs  in  the  planar 
form  in  the  crystalline  phase.  The  present  theoretical  results  are  consistent  with 
this  preference  in  that  the  variation  of  energy  for  the  range  0  =  30® -0°  is  very 
small  compared  to  that  for  0  =  30®  -90®  and  therefore,  if  the  effect  of  interchain 
or  interplanar  interactions  could  be  considered,  the  planar  form  of  trans- PBT 
would  be  the  most  favorable  form,  as  concluded  previously.-"  The  band  structure 
of  trans -PBT  at  0  =  30®  is  shown  in  Figure  Though  the  basic  form  of  this 
band  structure  is  very  close  to  those  of  cis-  and  trans-PBO,  the  valence  and 
conduction  bands  of  PBT  are  no  longer  made  up  of  ir  orbitals,  but  are  now  mix¬ 
ture  of  (T  and  IT  orbitals.  The  band  gap  1.98  eV  determined  for  tran.s- PBT  is 
slightly  higher  than  those  of  the  PBO  chains.  This  is  because  the  overlap  be- 
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Fig.  6.  Dependence  of  the  trans- PBT  band  gap  on  the  rotational  angle 


tween  the  phenylene  orbitals  and  the  bisthiazole  orbitals  is  less  in  the  case  of 
trans-PBT,  because  of  its  nonplanar  structure.  This  overlap  is  maximum  when 
the  molecule  is  planar  (as  in  the  PBO  chains).  The  variation  of  band  gap  with 
dihedral  angle  in  frans-PBT  is  shown  in  Figure  6.  As  the  dihedral  angle  de¬ 
creases  (i.e.,  the  overlap  between  the  phenylene  and  bisthiazole  orbitals  increases) 
the  band  gap  decreases,  and  finally  in  the  planar  form  (its  favored  configuration 
in  the  crystalline  phase^'-^^)  band  gap  becomes  1.73  eV.  This  value  is  very 
cloee  to  that  of  the  PBO  chains.  No  pertinent  experimental  results  are  available 
at  the  present  time  for  comparisons.  The  only  reported  experimental  value^^ 
of  a  band  gap  for  trans -PBT  is  that  (0.76  eV)  obtained  from  measurements  that 
may  have  involved  ionic  rather  than  electronic  conductivity. 

The  calculated  band  gaps  in  PBO  and  PBT  are  similar  to  those  determined 
experimentally  in  trans -polyacetylene  (1. 4-1.9  a  polymer  showing  con¬ 
siderable  promise  as  a  semiconductor. This  should  encourage  further  the¬ 
oretical  and  experimental  investigations  of  the  electronic  properties  of  both  PBO 
and  PBT  systems. 
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Introduction 

DAMP-ES  [2,4-diamino-5-(l-adamantyl)-6-methylpyrimidine  ethylsulfonate  salt  ] 
(Fig.  1)  is  a  potent  inhibitor  of  mammalian  dihydrofolate  reductase  (DHFR)  and 
inhibits  growth  of  cultured  cells  as  effectively  as  methotrexate  (1). 


Fig.  1.  Illustration  of  DAMP  (proionated)  and  DNMP-1. 

It  has  been  shown  (1-4)  that  the  inhibitory  activity  toward  DHFR  by  antagonists  of 
the  diaminopyrimidine  class  increases  with  the  increased  hydrophobicity  of  lipophilic 
straight  or  branched  chain  hydrocarbon  groups  substituted  in  the  S-pKjsition.  How¬ 
ever,  the  inhibitory  activity  of  5-(l-adama(ityl),  and  to  a  lesser  degree  5-(l- 
cyclohexyO-diaminopyrimidines,  is  much  greater  than  that  predicted  by  hydro¬ 
phobicity  alone.  In  contrast,  there  is  almost  a  complete  loss  of  inhibitory  activity 
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with  5-(l -naphthyl)  substitution  (DNMP-1)  (Fig.  1.)  but  not  with  5-(2-naphthyl) 
substitution  (DNMP-2). 

Crystallographic  data  (5)  show  that  DAMP-ES  has  a  severely  distorted,  N1  protonat- 
ed  pyrimidine  ring  and  has  steric  crowding  of  the  6-methyl  and  adamantyl 
hydrogens  whereas  DNMP-1  (as  a  methanol  complex)  has  a  planar,  non-protonated 
pyrimidine  ring  that  is  nearly  perpendicular  to  the  naphthalene  ring.  In  the  present 
study  CNno/2  molecular  orbital  calculations  with  direct  geometry  optimization 
were  carried  out  on  DAMP,  its  N  1-protonated  form  DAMPH^,  DNMP-1, 
DNMPH*-1,  and  DNMP-2.  The  calculated  geometries  largely  reproduce  those 
observed  in  the  crystalline  state.  In  particular,  the  calculated  results  corroborate 
the  observed  torsional  distortions  within  the  pyrimidine  ring  of  DAMP-ES.  The 
electronic  charge  distributions  of  DAMP,  DNMP-1,  and  DNMP-2  are  nearly  identical 
for  equivalent  atoms,  hence  differences  in  biological  activity  apparently  are  not 
electrostatic  in  nature.  Conformational  energies  were  calculated  as  a  function  of 
rotation  about  the  C5-C7  bond.  The  results  indicate  large  barriers  to  rotation  for 
DAMPH*,  with  no  conformation  being  successful  in  relieving  the  ring  distortions 
caused  by  severe  steric  conflicts.  For  DNMP-1  and  DNMP-2  the  C5-C7  bond  is 
more  flexible  but  large  barriers  are  encountered  for  the  coplanar  conformations. 

Methodology 

The  general  technique  is  comprised  of  the  semi-empirical  CNDO/2  molecular  orbital 
theory  (6)  nested  in  an  iterative  scheme  for  achieving  direct  geometry  optimization 
(7,8).  This  method  has  already  proved  successful  in  characterizing  the  geometry, 
electronic  structure,  and  conformational  properties  of  species  similar  in  structure  to 
those  studied  here  (9,10).  In  the  conformational  energy  calculations,  values  of  the 
CNDO/2  total  energy  were  calculated  as  a  function  of  the  rotational  angle  about 
the  C3-C7  bond  varied  in  increments  of  20-30°.  The  energy  associated  with  a  given 
conformation  was  taken  as  the  difference  in  total  energy  between  that  conformation 
and  the  conformation  obtained  upon  optimization  of  the  structure  observed  in  the 
crystalline  state  (5). 

Results  and  Discussion 

The  observed  and  calculated  geometries  of  DAMPH*^  and  of  DNMP-1  are 
illustrated  in  Figs.  2  and  3,  respectively. 


N1.C2-N3-C4>  •4£ 
Ci-N3.C4-C5.  *3.2 
N3-C4-C&-C6-  7.6 

C4.C5-C6-N1  •  -4.2 
C5-C6-N1-C2-  -3.1 
N3-C2-N1.C6.  7.9 

Ctt-C5-C7-C8  •  ■’0‘2 


N3-C4.C5-C6*  t3.7 
C4*C9-C6-Nt«  -7.e 
C5-C6-MUC2«  ‘4jt 
N3*C2-Nt.C6«  ^*0 
Cfl-C5-C7-.ce  •  -7.5 


Fig.  2,  Calculated  (left)  and  observed  geometry  of  DAMP  (protonated). 
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C5-C6-Nt-C2*  2  9 

N3-C2-N1-Cfl  •  *32 
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Fig.  3.  Calculated  (lc(t)  and  observed  geometry  of  DNMP-I. 

Calculated  and  observed  bond  angles  and  bond  lengths  are  nearly  identical,  and  the 
ring  distortions  observed  in  DAMPH*^  (i.e,,  protonated  DAMP-ES)  are  also  reproduc¬ 
ed  but  with  lower  values.  Likewise,  both  calculated  and  observed  results  for 
DNMP-1  give  a  nearly  flat  pyrimidine  ring.  Further  calculations  on  DAMP  and  on 
DNMPH^-1  show  the  effect  on  ring  protonation  on  structure.  Specifically,  with 
protonation  at  N1  the  bonds  about  it  shorten  while  the  bond  angles  C6-N1-C2  open 
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and  N1-C2-N3  close  by  about  6°,  with  minor  adjustments  elsewhere.  Protonation 
also  increases  the  extent  of  ring  distortions.  The  results  for  DNMP-2  are  similar  to 
those  for  DNMP-1. 

The  partial  atomic  charges  for  selected  atoms  in  DAMP  and  in  DNMP-1  are  listed  in 
Table  1. 

Table.  1.  Fractional  Charges^  of  Selected  Atoms  in  DAMP  and  DNMP 


Atom 

DAMP 

DNMP 

N1 

-0.351 

-0.353 

N3 

-0.361 

-0.361 

N2 

-0.308 

-0.306 

N4 

-0.312 

-0.314 

^In  units  of  fraction  of  the  electron's  charge. 

Their  charge  distributions  are  nearly  identical,  indicating  that  the  observed  differ¬ 
ences  in  biological  activity  are  not  explicable  in  terms  of  electrostatic  arguments. 
Based  on  comparisons  of  partial  charges,  protonation  would  appear  to  be  preferred 
at  N1  or  N3  rather  than  at  N2  or  N4. 

The  conformational  energies  with  respect  to  rotation  j  about  the  C5-C7  bond  in 
DAMPH*  and  DNMP-1  are  illustrated  in  Fig.  4. 


Fig.  4.  Calculated  conformation  energy  i  E  versus  f  ,  for  DAMPH*  (left)  and 
DNMP-1. 
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For  DAMPH^  the  conformation  of  minimum  energy  corresponds  nearly  to  that 
found  in  the  crystalline  state.  The  barrier  to  rotation  away  from  the  preferred 
conformation  is  very  steep  and  has  a  broao  maximum  located  in  the  region  30- 
110°  (within  the  0-120°  total  configuration  space)  and  is  about  8.0  kcal  mol'* 
above  the  minimum.  No  value  of  »  was  successful  in  relieving  the  severe  steric 
conflicts  between  the  adamantyl  group  and  4-  and  6-$ubstituent  groups  on  the 
pyrimidine  ring.  The  barrier  effectively  locks  the  C5-C7  bond  and  precludes 
relief  of  the  steric  conflicts  responsible  for  the  distortions,  which  are  further 
aggravated  by  protonation. 

The  C5-C7  bond  in  DNMP-1  is  overall  more  flexible  than  that  in  DAMPH*  in 
terms  of  more  accessible  regions  of  configuration  space.  The  calculated  energy 
minimum  is  located  at  (p  =0°  (corresponding  to  the  coplanar  conformation  with 
the  naphthyl  group  nearest  the  C4-amino  group)  with  a  barrier  of  c^  1.5  kcal 
mol'*  to  t  =90°  observed  in  the  crystalline  state.  Within  c^  30°  of  either 
coplanar  conformation  the  energy  rises  sharply  to  ca.  8. 0-8. 5  kcal  mol'*.  The 
results  in  this  regard  for  DNMP-2  are  very  similar  to  those  obtained  for  ONMP-1. 
The  calculated  preferred  conformation  of  DNMP-1  is  hence  different  from  that 
(perpendicular)  observed  in  the  crystalline  state  and  exhibits  negligible  ring 
distortions.  The  geometry  and  charge  distribution  are  only  slightly  affected  by 
rotation 

Conclusions 

The  present  results  indicate  that  the  methodology  is  applicable  to  DAMP  and 
related  species.  Calculated  bond  lengths  and  bond  angles  are  in  quantitative 
agreement  with  those  observed,  and  the  calculated  torsional  angles  can  be  used  in 
a  semi-quantitative  fashion  for  comparisons.  It  is  the  intent  of  the  authors  to 
extend  these  calculations  to  other,  related  species  to  explore  further  the 
structural  and  conformational  aspects  of  DHFR-drug  specificity. 
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Synopsis 

The  extended  Hiickel  method  was  employed  to  calculate  electrt)nic  band  structures  m  trans- 
polyip-phenyiene  ben2obisthia2olei  Uraas-PBTl  in  an  attempt  to  elucidate  the  packing  and  elec 
tronic  properties  o(  these  chains  in  the  crystalline  state.  The  unit-cell  energies  thus  calculated  in¬ 
dicate  that  the  most  stable  arrangement  for  frans-  PBT  corresponds  to  the  chains  in  planar  config¬ 
urations.  at  an  inierplanar  spacing  of  3.5  A.  and  shifted  axially  by  3.0  A  relative  to  tine  another.  These 
calculated  results  are  in  good  agreement  with  experimental  results  obtained  on  the  polymer  and 
on  relevant  model  compounds.  No  discernible  dispersion  of  the  energy  bands  perpendicular  to  the 
planes  is  observed,  indicating  that  the  neighboring  chains  are  electronically  noninteractive,  as  was 
found  earlier  for  trans- polyacetylene  and  polyethylene.  Similarly,  the  band  gap  of  1.69  eV’  in  the 
axial  direction  for  one  of  a  pair  of  chains  was  nearly  the  same  as  that,  1.73  eV.  calculated  previously 
for  an  isolated  tranA-PBT  chain.  These  values  are  in  the  range  1.4-1. 9  eV  reported  for  trams- 
polyacetylene,  which  has  been  extensively  studied  because  of  its  promise  as  a  semiconductor. 


INTRODUCTION 

The  rigid-rod  polymer  frans-poly(p-phenylene  benzobisthiazole  I  {trans- 
PBT),'  shown  schematically  in  Figure  1.  has  been  studied  with  regard  to  its 
electronic  band  structure  in  a  preliminary  way.-  This  first  attempt-  at  charac¬ 
terizing  the  electrical  properties  of  this  interesting  class  of  polymers  was  very 
useful,  but  focused  exclusively  on  the  axial  direction  of  the  chains.  Since  the 
molecules  form  highly  ordered  fibers,’  however,  it  is  possible  to  carry  out  ex¬ 
perimental  measurements  perpendicular  as  well  as  parallel  to  the  chain  direction, 
and  it  thus  becomes  important  to  calculate  the  effect  of  interchain  interactions 
on  electronic  properties.  Obtaining  such  information  on  frans-PBT  in  the 
crystalline  state  was  the  goal  of  the  present  investigation.  Specific  aspects  of 
particular  interest  were  the  use  of  band  structures  to  elucidate  chain  packing 
arrangements,  calculating  the  energy  band  gap  perpendicular  to  the  chains,  and 
estimating  the  effect  of  interchain  interactions  on  the  band  gap  in  the  axial  di¬ 
rection. 


THEORY 

The  band  structure  calculations  used  the  tight-binding  scheme  based  upon 
the  extended  Hiickel  approxiraatiim.  all  of  which  is  well  documented  in  the  lit- 
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erature.-^  In  this  method  the  delocalized  crystalline  orbitals  are  formed 
from  the  set  of  basis  atomic  orbitals  in  the  one-dimensional  case,  as 

=  y  f;  exp(ik-R^)C„„(k)x„(r  -  R;)  (1) 

*'1  ■  ;t  =  -i.Vi-l)/2  M-l 

in  which  .Vj  —  1  cells  are  interacting  with  the  central  reference  cell,  aj  is  the  length 
of  basis  set,  k  is  the  wave  vector,  and  R^  (the  position  vector)  is  given  by  R^  = 
;a  (with  a  being  the  basic  vector  of  the  crystal).  Using  the  extended  Hiickel 
approximation,  we  obtain  the  corresponding  eigenvalues  Enik)  and  coefficients 
C„„(k)  from  the  eigenvalue  equation 

W(k)C„(k)  =  S(k)Cn(k)£„(k)  (2) 

where  Hik)  and  5(k)  have  the  usual  meaning,  as  Hamiltonian  and  overlap  ma¬ 
trices,  respectively.  The  distribution  of  the  E^lk)  values  for  a  given  n  with  re¬ 
spect  to  k  (usually  within  the  first  Brillouin  zone,  -0.5K  <  k  <  O.oK,  where  K 
=  27r/a)  is  the  nth  energy  band.  The  set  of  all  energy  bands  describes  the  band 
structures  of  the  polymers.  The  present  calculations  include  all  the  valence 
atomic  orbitals  of  the  H,  C,  N,  and  0  atoms  but  for  S  atoms  only  s  and  p  orbitals 
could  be  considered  because  of  space  limitations  in  the  computer  program.  The 
atomic  parameters  required  in  the  present  study  were  obtained  from  the  liter¬ 
ature.’*’ 

In  the  present  study  the  crystal  lattice  was  assumed  to  be  one-dimensional, 
and  separate  calculations  were  performed  to  determine  the  band  structures  along 
the  axial  and  perpendicular  (packing)  directions.  From  x-ray  crystal  structure 
analysis'®  of  the  model  PBT  compound  the  relative  axial  shift  between  two 
chains  was  found  to  be  approximately  4.5  A.  Both  x-ray  and  electron  diffraction 
studies,®  and  molecular  mechanics  calculations***  indicate  that  the  polymer  is 
planar  in  the  crystalline  state.  In  the  case  of  the  spacing  between  the  two  chains, 
theoretical'*  and  experimental’  ®  studies  predicted  it  to  be  .3.5  A.  As  is  shown 
in  Figure  2,  the  unit  cell  contains  two  PBT  repeat  units  (A  and  B)  stacked  one 
above  the  other  and  separated  by  3.5  A.  To  predict  the  relative  axial  shift  be¬ 
tween  two  chains,  one  chain  (e.g.,  B)  is  gradually  shifted  along  the  axis,  in  steps 
of  0.5  A,  to  a  maximum  displacement  of  5.0  A.  In  doing  so  a  portion  (the  dotted 
part  in  Fig.  2(b)l  of  the  repeat  unit  B  falls  outside  the  unit-cell  boundary,  and 
thus  the  corresponding  part  (the  dashed  part  in  the  figure)  of  the  repeat  unit  is 
introduced  from  the  opposite  side,  within  the  unit-cell  boundary,  thus  always 
keeping  constant  the  number  of  atoms  of  each  type  within  the  cell.  The  chain 
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(b) 

Fig.  2.  Sketches  showing  lai  the  stacking  ot  the  trans- PBT  repeal  units,  and  i  h)  the  reconstitution 
of  the  upper  repeat  unit  as  it  is  slid  relative  to  the  lower  one. 

B  is  shifted  relative  to  chain  A  to  a  maximum  value  of  only  5.0  A  of  the  total  re¬ 
peat  unit  length  of  ca.  12.0  A,  because  of  the  symmetry  of  the  chains.  In  each 
step  of  the  shift  the  dihedral  angle  <p  (Fig.  1)  around  the  C — C  bond  between  the 
phenylene  ring  and  thiazole  part  of  the  (raas-PBT  chains  is  varied  in  increments 
of  10°,  from  0°  to  90°,  to  locate  the  probable  configuration  of  the  individual 
chains  in  the  crystalline  state.  For  each  configuration  and  arrangement  the  total 
energy  per  unit  cell  (Er)  is  calculated  from  its  band  structure.’  *’  This  is  done 
as  a  function  of  the  relative  axial  shift  Ax  and  of  the  dihedral  angle  0,  respectively, 
using  the  equation^  '2 

r  £,(k)dk  (3) 

K  J-K/2 

where  E,(kl  is  the  total  energy  at  k  and,  according  to  the  extended  Hiickel 
method, 

<K:cupted 

£((k)  =  2^  E„{k)  i4) 

n 

The  unit-cell  structure  that  corresponds  to  the  minimum  total  energy  is  identified 
as  the  most  stable  packing  arrangement. 

In  the  present  calculations  lattice  sums  were  carried  out  to  second -nearest 
neighbors.  The  geometrical  parameters  (bond  lengths  and  bond  angles)'  '  of 
the  repeat  unit  of  trans- PBT  were  obtained  from  the  x-ray  structural  studies 
conducted  on  model  compounds  by  Fratini  and  co-workers."-* 

RESULTS  AND  DISCUSSION 

The  band  structures  of  the  trans- PBT  unit  cell  along  the  perpendicular 
(packing)  direction  are  computed  for  different  values  of  relative  axial  shift  Ax 
and  dihedral  angle  and  the  curves  of  £,  (k)  against  k  in  each  case  are  plotted. 
From  eq.  (3)  it  is  clear  that  the  energy  (£f }  per  unit  cell  will  be  minimum  when 
the  corresponding  £,(k)  vs.  k  curve  en.'loses  maximum  area  [because  the  E,  (k) 
are  all  negative).  Two  representative  plots  are  shown  in  Figures  3  and  4.  Since 
the  curves  of  £(  (k)  against  k  are  symmetrical  about  the  center  of  the  first  Bril- 
louin  zone,  only  one-half  (0  <  k  <  0.5K)  of  each  of  these  curves  is  shown  in  the 
figures.  It  has  been  found  that  whatever  the  relative  shift  between  the  chains, 
the  minimum  energy  of  the  unit  cell  always  corresponds  to  the  0  =  0°  configu- 
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Pili,  !,  Dep^-ndence  ul'  £,  iki  on  k  in  the  packins  direction  calculated  as  a  function  of  the  dihedral 
antcle 

ration  of  the  individual  chains.  Thus  the  chains  are  predicted  to  favor  the  planar 
form  in  the  crystalline  phase,  which  is  in  agreement  with  experiment^  and  with 
the  results  of  molecular  mechanics  calculations."^ 

Figure  '■]  shows  the  variation  of  £,(k)  with  k  for  different  values  of  the  dihedral 
angle  0.  for  a  typical  relative  shift  Ax  =  .1.0  k.  In  the  earlier  theoretical  inves¬ 
tigation.-  in  which  interchain  interactions  were  not  included,  it  was  found  that 
although  0  =  '.]()°  corresponded  to  the  lowest-energy  form  of  tran.s-PBT.  the 
variation  of  energy  in  the  range  0  =  was  very  small  compared  to  that  for 

0  =  30°-90°.  Therefore  it  was  concluded  that  if  the  effect  of  interchain  or  in- 
terplanar  interactions  could  be  considered,  the  planar  form  of  fran.s-PBT  would 
probably  be  the  most  favorable.  This  has  been  confirmed  in  the  present  study. 
Spiecifically,  it  has  been  found  that  the  inclusion  of  interchain  interactions  moves 
the  minimum  to  0  =  0°,  and  that  the  variation  of  unit-ced  energy  from  0°  to  .10° 
is  indeed  very  small  ( Fig.  .1)  as  was  concluded  from  molecular  mechanics  calcu¬ 
lations."’ 

The  plots  of  £r  ( k )  against  k  for  different  values  of  the  relative  shift  at  0  =  0° 
are  shown  in  Figure  4.  It  is  clear  from  this  figure  that  a  relative  shift  of  Ar  = 
.1.0  A  will  be  the  most  favorable  arrangement  of  the  chains.  This  value  is 
somewhat  smaller  than  the  experimental"  ”  value  4.5  A  obtained  for  a  PBT  model 
compound,  but  it  is  worth  mentioning  that  using  molecular  mechanics”  a  relative 
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Fili.  4.  Dependence  of  1-,'riki  i>n  k  m  the  packing  direction  calculated  as  a  lunction  ol'  the  axial 
shut  Ai  between  chains. 


shift  of  d.t)  A  was  computed  for  poly(p-phenylene  benzobisoxa/olel  iPBOl  where 
the  sulfur  atoms  are  replaced  by  oxyften  atoms  and  the  chain  is  known  to  be 
planar.  The  agreement  between  theoretical  and  experimental  values  of  Ax  for 
PBT  could,  of  course,  be  considerably  better  for  the  poKaneric  chains,  which  have 
not  yet  been  studied  experimentally  n  this  regard. 

Figure  .t  represents  the  arrangement  >f  the  two  chains  at  Ax  =  1.0  .A  and  o  = 
U°.  The  band  structures  of  fran.s-PBT  along  the  perpendicular  ipackmgl  di¬ 
rection  are  shown  for  this  case  in  Figure  6,  where  the  conduction  i  lowest  unoc¬ 
cupied)  band  and  the  valence  (highest  occupied)  band  along  with  four  other 
occupied  bands  immediately  below  the  valence  band  are  depicted.  No  dis¬ 
cernible  dispersion  of  energy  bands  along  this  direction  is  detected,  which  indi- 


T,  Sketch  «»t  two  planar  fTun.H  PB'I' r»*}>eat  )inii>  , in  .ixi.il 'hin  i  >  \ 
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Fig.  8.  Band  structure  in  the  packing  direction  for  dihedral  angle  «  =  0°  and  axial  shift  Ax  =  3.0 


cates  that  neighboring  chains  are  noninteractive.  The  same  conclusion  was 
reached  in  calculations'-*  of  the  band  structures  of  polyacetylene  and  polyeth¬ 
ylene.  This  weakness  in  chain-chain  interaction  is  expected  at  the  large  inter¬ 
chain  separation  (3.5  A)  of  (rans- PBT  chains.  Although  the  sulfur  d  orbitals 
could  not  be  included  because  of  the  size  limitation  of  the  computer  program 
presently  available  and  the  large  number  of  atoms  in  a  repeat  unit  of  PBT,  the 
possibility  of  improv<?ment  in  dispersion  by  the  inclusion  of  d  orbitals  does  not 
appear  promising  at  this  large  interchain  separation.  The  weak  chain-chain 
interactions  could  also  be  anticipated  from  the  weakly  dispersed  £t(k)  vs.  k 
curves  in  Figures  3  and  4. 

The  band  structure  of  the  frans -PBT  unit  cell  along  the  axial  direction  with 
Ax  =  3.0  A  and  0  =  0°  is  shown  in  Figure  7.  The  computed  band  gap  along  this 
direction  is  1.69  eV,  which  is  almost  equal  to  the  band  gap  calculated^  in  tbe 
absence  of  the  interchain  interactions  for  a  planar  configuration  of  the  chain. 
This  shows  that  neighboring  chains  have  little  effect  on  the  band  gap.  Most 
important,  however,  is  the  fact  that  this  band  gap  value  is  in  the  range  1.4-1. 9 
eV  reported  for  fran.s-polyacetylene,*'*  which  has  been  extensively  studied  be¬ 
cause  of  its  promise  as  a  semiconductor. 
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Fig.  7.  Band  structure  in  the  axial  direction  for =  0' and  2u  =1.0  A.  .\11  the  bands  arise  from 
T  orbitals. 
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CNDO/2  MOl.l-CULAll  OilBlTAL  CALCULATIONS 
ON  Till-  AN'IIFOLA  IT:  damp  and  some 
Rj:LA'i'ED  SINACIES:  S iliUCTUKAL  GEOiMETKIES, 
RING  IRSTOirnONS,  CHANCE  DlSTKinUTIONS 
AND  CONI' OILMATIONAL  CMARACTEUiSTiCS 


\V.  J.  WliLSll,  =  V.  CODY/  J.  li.  MARK’  and  S.  F.  ZAKRZEWSKI" 

Department  of  Chemistry  tuuJ  Polymer  Research  Center,  University  of  Cincinnati,  ' 
CinciiuKiti.  OH  ■15221,  USA;  ^College  of  Me.  St.  Joseph,  ^ 

Mount  St.  Joseph,  OH  45051,  U^;  •  Medical  Foundation  of  Buffalo,  Inc., 
Dnfftdu,  NY  J-t2<J.i.  USA;  ' Roswell  Park  Memorial  Institute, 

Bufjalo,  SY 14263,  USA 

Gfurn  ;r)-ii|iii"i,/Ld  C.N GO  2  :r'  urt'iUl  c.ii^ulalions  were  carriej  oul  nn  2.  4-diainino-5-(  I -ada- 

ni.ir.:\i  ]  j  6T;ie:l  vl  pyr.nv.r.a-.' ( I  a  poicni  ml;il>iior  of  maiiiinahan  dihydrofolaie  rediictase  which  is 

now  i:,  /.r  eal  iriais.  and  wt  lu  ma-i.-.c  i-(  f  •n.aplithjl)  analnyuc  (DNMP-1).  Cryelalliigraphic  data  show 
tr.a!  DA ac he  eii.aUu.uin.i.'.'ai;,  has  a  severely  iliMo!  ltd,  N1  ptoloiiatcd.  pyrimidine  ring  and  hassleric 
crow  :l.c  fi-aiclhjl  an.!  a.ar-an: 1  hulr  .ecus  whereas  DNMP-  2  (as  a  mclhanol  complex)  has  a  planar, 

noniiri.eoajivd  p)::r;iid:ne  rr;,’  d  .n  o  rc.irl;.  perpci: JiCLiar  to  the  r.,ip!iihalene  ring.  The  CNDO'2  results 
lareci)  rcj'-nduce  li'.e  cr>  -t.-.:  siru.rute  cvonietry  and  show  that  the  ring  distortions  in  DAMP  are  initialed  by 
stcric  conlTcts  betwee.n  the iidaniani;, i  erc.up.ini.  the 4-  and6-.suhsti:ucntsontlie  ring.  In  UNMP-l.thenon- 
int::;. r,,-, ;  n.iphtlu!  ring  m.Iaces  ante  stratn  within  tne  pyrimidine  ting  and  the  effect  of  protonation  is 
ncelpabie  Kutatioi.  titxi.ii  liie  i  la.,!  p  mn'e  the  iwi,.  ,-i;;g  groups  is  restricted  in  DAMP  liy  a  broad  barrier  of 
(II  a  o  M'.a  mol"',  and  no  .ontii. in..fi,n  w.n  successful  in  relievm;t  stcric  conflicts  and  hence  reiliicing  the 
rut;’  -a  tot  a-iiv  ill  D-'s,\ir- ,  *.)•  .:-..,i  ,,  l..ndered  usertill  wiiti  .t  bro.id  region  of  .ictessible  conforiiiii* 
lio';.il  sp.irc  Old  a  niav.i  u  n  t  ..ir,,;  cl  ca  1  '  kc.d  iiwir'  fur  the  coplanar  coiifotination.  The  electronic 
ci  .ir J  l'tit..>r.s  .1  D  \  ; ■  ,1  ;  .re  tlnio'i  ideniic.il  ,iod  protoii.ilion  is  pielerr cd  at  N  I  rather 

tt:,ii.  .1.  ,  s  '  to  c.i  ?  ■  Kvtil  r.iol  ! -’.*  t.i  .tt:  !y..\.\;i*  .ukI  i,  2  he  calculations  esial.lisji  Ih, it  the  present 

m. i,.i.)i  ’ll  _■  c..  1 1.  ■ fu.  1' p',  dist.’.  c  to.  ;  w  nil  re.,  .rj  i.i  the  structure  .rnj  conh  .riii.itional  chataclerislics 
' 'I  I  .1  ,.I  . ct.i  . u  ..;‘sc;.". 


l.''s  i  .’S’.).  )i.  t  iCj!s 


D.'s'.o'  2.  d-.  ,  t !  1- fi-f.'.v':i't> ip;.  1  iiiiojindJ  i<.  ;i  pti'eni  inhibilor  of 

.:i..:t  ■  '..f,  •  t  DK!  R)  .nad  iiihthtis  growth  t)f  ctilturtAl  cells  as 

ul Is  ,;.s  '.;i^  ' . c  s.i a  i .  ii .  t'f  a/. .  i V .  d j.  Asa  result,  D AMI’  is  undergo- 

iitd  I't.ns,  i  si.:'o..o  ■.t't.i,'  .  '  '.taiar  ticeni. 

li  It.i'  h’ceii  'titi-.s!'  ,1;..  ii.....; . ad  Zakzrev.'ki,  ld72;  Kuvtii  et  ai,  \915\ 

/.tikt.'e.’ s.M,  1  .>6  ■■)  tf../,  .i.c  .:,i..',-t..]tA  .isti'.'-'ity  toward  Dlll'R  by  aiii.tgonisis  of  die 
di.ti;'...',t;pyi  aaii,. -j  ei..ss  ...rc.’.s.s  ■.■.fit  the  tneicascd  hydrophobieiiy  of  lipoplnl'c 
str.'i.g.f.  It'  tir.f.  fdo  s,!.:f.  drtis.-.iiioa  gtoaps  subsliluied  in  the  5-positioii.  How- 
eser.  lae  taitii'.ti-iv  a’.'.f.,:;  r,;  .w-(  1 -.idtti.itiaiylj  and,  lo  a  lesser  degree^ 

.h-( -u'.C;.;hd\\i}-[i.;ia’.;  .1-:;; :  taa.atds.  is  niucli  greater  than  that  predicted  by 
liyd: tii.a.iii.c'iiy  .rloae.  s(:.;...s,,.i^  in.o  uiher,  intire  subtle  feuliires  regarding  these 
species  olay  a  role  in  i.cicrt.tr.aag  .;c!t\  iiy.  In  contrast,  there  is  almost  a  complete  loss 
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of  ml.ibiuiry  aciiviiy  ul:h  5-(  I •;:aj:l!:hvl j  suhiiituin-'n  (DNMP- 1)  but  not  will)  5-(2' 
naphbi)!;  (DNMl’-Jj  (K.a\.u  ct  at.,  l‘J75;  Hu  ci  uL,  iy7.1). 

Tlic  .v-i  ay  ^ry Majct;;rc  ilciLaarimaiifi;;',  (CoJv  and  Zakr/cwski,  1  uf  DAMP 
anil  b)NMl’-l  (FiL’iirc  1)  tniMj  Ivan  carnai!  out.  The  data  for  DAMP,  a*;  the 
fthana-^Lllunaie  sal!,  show  that  the  pv; ;n;idi:ic  rinyt,  proionatcd  at  Nl,  is  severely 
di-  an  [ed  iVnn;  cof.lst;.  ri'.v  v.  ith  ;  e ril  tu  its  .5,  6-suhstiluents  ,is  a  result  o(  the  sieric 
interDrenee  of  ;;ie  O-tnc'.iiyi  l-.ydir.-,  e;-,s  with  ii-.o.se  of  the  aLiaiuantyl  ring.  In  addllitin 
to  tlic  t’.'.ist  of  these  substituent'  aitovc  and  beans  tlie  pyritnidine  plane,  the  angles 
insolsing  these  groups  arc  e<p:;:ided.  The  (jrienttiiion  of  the  adaniantyl  ring  with 
respect  to  liie  pyrirr.idine  riiii;  {CMC  s-CDC.Sj  is  —7.5*.  All  of  the  amino  hydrogens  are 
involved  in  hydrogen  bonds.  None  i)f  these  distortions  is  evident  in  the  structure  of 
DNMP-1  metl'.anul  crjuiple.';.  Tiie  napliih.aiene  ring  is  nearly  perpendicular  (C6C5- 
C7C.S=— S7.1’]  u)  the  pyrimidine  ring  wliich  is  itself  coplanar  with  the  4,5,6-sub' 
slituents.  N  1  us  uriproton.iied  in  tins  structure  and  all  of  the  amino  hydrogens  but  one 
are  invuUed  in  iryilrogen  I'ondine.  Insertion  of  DAMP  and  DNMP-1  into  the  DHFR 
binding  site,  U'ing  computer-gra[rhics  models  based  on  these  data,  indicates  that  their 
disp. lilts  in  bioaciisiiy  is  hugely  lae  to  severe  sierie  interference  encountered  by  the 
latter  (Cody  and  Ztihresv-ki.  !'.!'<2). 

The  pniiuiry  aim  of  the  pi  csea;  study  v.as  to  conduct  a  more  detailed  analysis  of  the 
structural,  conforiuationa!  and  eieetrnnie  features  of  DAMP  and  its  analogues  in  order 
to  I'lroviiie  a  basis  for  ils  exceptional  bioaetivity.  The  relatiscly  inactive  DNMP- 1  was 
.iiso  siudicd  bec.-iusc  Ils  vii  tuaily  I  '-ni.ir  py  rimidine  ring  provided  a  clear  contrast  to  tlie 
torsiontilly  distorted  DA.Mih 
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lluui  lit  N3  or  ui  ciilicc  t;'.c.\2  or  N-i  ai  u.m-aaro^cns.  .AIm").  valuc.i  of  the  energy  of  [iro- 
tonatiun  at  N  1  tor  D.A.V'P  ar.tl  [.'\.\li'  a;c  r.early  .■.icniicai.  henee  the  ring  di.stoi  tions 
within  DAMP  Jo  not  .ijipear  t.i  tac.i.taie  I'fiton.iti.’n  .A.soeitiiecl  with  tight  binding  to 
tile  en/>nic. 


MtlTHODOL.OGY 

The  general  lectin. tjiie  employs  tiie  .'e:nic:.'.;''iric.il  CNDC)/  2  niolecultir  orbittil  theory 
(I’opie  aikl  Ue'.'eridue,  I'JT'J;  nested  m  ,in  iterative  sciicine  lor  achieving  direct  geo¬ 
metry  optiir.ii’tition  (Kendo,  1978;  J.nie.  iV'dy  '1  h.is  .Tieiiind  ha.s  already  proved 
successful  in  charticteri/ing  the  ecuinetiy,  .■lect.n.aic  itruciure  aiul  contormational 
properties  of  .S['.ecic>  Mmiltir  in  .struct.ire  to  tl•;0'e  studied  here  (Welsh  ct  al.,  1982; 
Welsh  and  Marh,  1982).  Tiie  geometi  y  upti.r.ie.it.on  ■>eheme  is  btised  upon  the  gra¬ 
dient  of  the  potential  energy  function,  tiie  Cv.i.'.jiet.ii.i'n  <‘)i  wtiich  is  made  more  efficient 
in  terms  of  computer  time  by  cvpimiir.g  svmi.-.e'.ry  ..spects  of  the  molecule. 
Differentiation  of  the  C.\DO/2  total  energ;.  e^pre^slO';  witn  respect  to  each  of  the 
totally  symmetric  symmetry  coordinates  lead.--  to  the  uiialytieally  defined  elements  of 
the  gradient  of  the  potential  energy  function.  A  convergence  criterion  of  0. 1  c  V/  A  for 
the  absolute  value  of  each  gradient  element  was  found  tobcticceptablc  (Kondo,  1978). 
The  C.\DO/2  cleeironie  energy  is  sen;, live  to  eiiangcs  m  the  nucle.ir  coordinates  of 
the  molecule.  Consciiuenily.  foi  tiie  SCF-eieetronic-encrgy  iteralinn  the  convergence 
criterion,  taken  as  self-consistency  hetween  two  successive  calctiltuioas,  was  set  to  a 
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sm;ill  (10'''a\  j  i^i.itivc  Ui  [yp.c..li;'  iiscil  (!0‘'cV)  in  niaiopiinii/fil 

CiNDC)/2  cali-U.'.ilior.s  (Koinhi,  In  Uic  lunfoiinaliOiial  cnLT|;y  calculations, 

Values  ui  the  C'NUO  2  toial  energy  wen.  calv-'.-hit.il  ;i.s  a  function  of  the  rotatioiuil 
tinple  cp  about  the  C'.‘'-C7  buiio  v.n  lei!  in  incientcnts  of  20-31)'.  The  energ)  associaicti 
w  nil  a  ei\en  ctnifoi  inatio  i  was  taken  a'-  the  iliffe.  enee  in  loial  energy  h.etween  that  con¬ 
formation  and  the  co.norniation  obtained,  upon  ojitinu/.ation  of  the  crystalline-state 
structure. 


KHSULTS  AND  DlfsCL'S.SION 

In  most  eases,  geometry  optimi/.ati.m  '.sns  obttnned  both  starting  from  the  strtictural 
geiimetry  given  by  x-ray  crystallogrtipiiic  ana!v.s;s  (Cody  and  Zakr^ewski,  1982)  and 
after  assuming  a  nearly  fiat  pyrimidine  ring.  Caiculatiuns  were  carried  out  on  several 
related  species.  These  incluile  D.\MP1 1'.  DA.M!’,  D.'\M1'-21I  (a  species  correspond¬ 
ing  to  IDAMP  with  its  2-NI 1,  grenip  rcpl.iceil  by  a  1 1  atom),  and  IDA.MP-UN  (a  species 
corresponding  to  D  A.M  1’  unsubstiiuicci  .it  the  C2.  C4,  .md;  C6  positions).  Also  studied 
were  DN.MP-1  and  its  N  1-protonaied  form  ITN'-Ml'iC.  l-’ertmcnt  values  of  the 
observed  and  calculated  bond  iength',  bond  angles,  and  torsional  angles  for  some  of 
these  species  arc  listen  in  Tabic  1. 

DAMPH':  Conip<irisu/:s  of  X-rcy  urul  CrJculut'.'d  Siructttres 

The  obserxed  and  calculated  geometries  of  DA.MPH*  arc  listed  in  columns  2  and  4  of 
Table  I,  respectively.  Overaii  agreement  between  the  ealeulated  and  observed  struc¬ 
tures  is  \ery  good.  Specific. diy,  (or  those  x.ihies  listed  in  I'able  I  (w  hich  include  tlu.'se 
calculated  and  ohscrccd  values  v.itli  tiie  largest  ueviaiions)  the  root-mean-square 
difference  (R.MSfj)  is  t).t)63  A  fur  bund  ic•ng:h.^  and  1.2'  lor  bond  angles. 

In  general,  the  CNDO/2  calculaied  earb')i-,.e,,rbun  iiond  lengths  a.'c  shorter  and 
carbon-mlrogcn  lunge:  ilt.m  those  ob'crcccl  ers'-ta'logr.iphiealiy.  This  is  particularly 
apparent  m  the  case  of  :hc  substituent  bonds  C2-.\'2.  C'4-N4,  C6-C61,  and  C.S-C7. 
Although  not  listed,  calculated  values  of  the  earbon-earbon  bond  lengths  within  the 
ad.imaniyl  group  arc  uniformly  smc.lier  tl'.an  the  corresponding  observed  ones  by  ca. 
3"o.  Tii^sc  systc.matic  discrepaneic:.  a.ppear  to  lie  .m  aitifact  of  the  CNDO/2  method 
since  sim.lar  trends  lia'.e  been  noted  111  ctlter  studies  ('iajiri.  11273;  Combs,  1975). 
The  caieidateU  torsional  angle  about  tfic  rotatabie  ivnd  C5-C7,  taken  as  the  angle 
between  pianes  C6-C5-C7  and  C5-C7-C8.  is  cn.  -i2.()’.  Tiiis  compares  well  with 
the  ubserseti  siiiues  of  -7.5’  in  th.e  crys'ailine  stale.  Of  p,;riicular  importance  are  the 
torsional  .mgles  wiiliin  tite  pyriniaiiiie'  ring,  it  is  ^ecn  m  Table  I  that  the  calculated 
structure  also  inclic.ites  nonplaaauty  of  il  c  pyriiiiidine  iinc.  althougli  in  each  case  the 
c.ileuiated  torsional  ang'c  is  somewlnit  Ivs'-  ;UMs()=.u''j  ih.in  iliat  of  the  obsersed 
sirueiure.  Identiea!  resuiis  were  obi.imed  irn'  opliir.i/.iii.'iis  earned  out  alter  initially 
assuming  a  nearly  Hat  [lyrimivlinc  rmg. 

Specie^  Related  to  DAMPf-r. 

Caleiilationson  various  structurally  ’’.lodiiicd  forms  c>i  D.'\.\l  I'l  1 '  w  ere  carried  out  par¬ 
ticularly  to  determine  the  effects  of  the  N  l-proto”..',tion  and  of  the  siibstituonts  on  the 
structure  and  liic  ring  distortion.s.  Deprotonatiun  ot  DA.Ml'li'  yields  DAMP,  the 
calculated  geometry  of  which  is  summarized  in  column  5  of 'fable  1. 
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1  he  lIi.aI  dT  111'..;  i.1l;-,A)|.  l!.e  I'dIIlI  leiieihs  i'.  to  -  li^jhlly  leil;,'llieil  tlic  builds 

•  il'v.iil  .\  1 .  uiili  s’.il''-n,iiLi.;  .uljii  v.iiienl  ol  uliie.'  niti.i-i  114;  IhhuK  uilh  little  ur  no  effeel 
oil  il-.e  Il:'..’i1;s  ot  :1:  ■  e.Mi.i-r;:!  .  nds.  In  tern: '  of  bond  .nicies,  de[nolon;ttion  results 
ill  a  el  '■'.nu  ^  ;■  ;lie  L'c>-N  :-C  I  ai  •_!.  .in>.l  an  o;ieniny  of  the  .\  1-CI2-N.5  urij;lc,  cacli  by 
.ilniat  (1.0",  -.si:!)  rn.nnr  adj.^tn-.e;.;''  eN:''-liere  ;;i  tlie  rini;.  roinparistiii  of  Ihe  ctilcii- 
l.iied  i:i;i,;-nr.a  lor.ei  inai  .imics  for  D.-\N1I’  tint!  I)AM1'(I‘  indicates  an  overall 
ilecre,i.".e  :n  '.be  na-.-n'tn.b  il.e  :  n"  di'i.ctuiiis  uiii.n  (.lejirolunalion,  however,  still 
n>c,  111  ;.ie  e'''.'ii;i.tll_>  [’’I..;;..:  ei.ite 

.Subsccp.ent  re[.'l.iLen-,e::t  of  t.ie  C2-a;.ii;;o  croup  in  DAMP  by  a  1 1  titom  has  a  slight 
effect  0:1  tlie  bond  lengths  (vr/..  N  1-C2  anil  C2-N3)  but  negligible  effect  on  the  bond 
angles.  Calculated  values  ;;re  listed  in  column  6  ofTable  1.  1  lowever,  there  is  a  reduc¬ 
tion  III  the  torsional  angles  n  itlnn  tlie  pyrinndine  ring  tis  indicated  by  comparing  the 
tivcrtigcs  vit  tliC  abscilutc  l  ali.cs  of  the  lorsiontil  angles,  gisen  in  Table  1,  for  DAMPH'*' 
(5.l‘),  DAMi'  (3..S”)  timl  DA.\lP-2n  (2.0’).  I'urther  rcpiticcmcnt  of  the  C4-amino 
and  C6-n  clhy  1  group-s  liy  a  1 1  „;oni  (u  itii  the  ailanianty!  gi  oup  now  as  the  only  substi¬ 
tuent  I  in  tlic  ling.)  yields  13.\.\PP-l'.\.  tne  geometry  of  wlneli  is  summarized  m  column  7 
of '['able  i.  baling  ne.iil}  a  pla  '..u  ring;  subsequent  protoiiation  of  this  species  had  a 
iiegligiwie  effect  on  the  ring  liisu  r'.ioiis.  Vi'hile  it  is  pre'dictahlc  that  the  rin)-  distortions 
arc  instigated  by  the  'irung  stcrie  :cp'a|s;o:is  between  the  adamanlyl  group  and  C4-  and 
CYi-substitnenis  o.n  tl.e  .-..'ig,  tacse ;  ■.  su  o  liuhcate  that  boiii  prutonalion  and  C2-amino 
group  further  enhance  tlie.sc  di.storiioiis  in  DAMP. 

D\MP-I;  CompariiOini  of  X-ray  and  Calculated  Structures  and  Effects  of 
Prutonalion 

Again  in  litc  case  of  D.NMP- 1,  rood  tigrceineni  is  found  between  the  observed  and 
calculated  structural  ceoineirK.s,  listed  in  columns  3  and  IS  in  Tabic  1,  respectively,  with 
the  Is.MSL)  tieing,  ().d2  I  .\  lor  bo;;-l  icne'.hs  and  U.i’  lor  bond  angles.  Tlie  calculated 
torsuiii.il  .iii.te  abiLi;  C''  (.'7  IS  -'•'h  2'  .ciil  is  lu'itiahy  identical  to  the  e.iperimenial 
value  oi  —  A  7  !“  {("ody  a  id.  /akicisM.  ]  ''.s2>,  '['he  calculated  torsional  angles  are  small 
and  1:1  s.iiol.i^ioi;.  i  grcLma..:  ( ,s.MSi)“  1-2’)  with  those  observed.  The  CNl')0/2 
ieer.ii;.,ue  enqilLiyed  is  su^cessf;  m  eoriectly  predicting  a  significantly  greater  degree 
ol  toi 'lonal  clistortiOiis  I'l  tt.an  in 

b::nilar  calculations  weuc  car'icd  out  on  the  proionuted  form  of  DNMP-1 
(DNMi’ii*)  toasse.'-s  the  cftcct  of  protonaiion  on  structure,  particularly  with  regard  to 
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till.’  ;)I;i:;.u i:y  i.f  ll'.j  pyi  i.ty^  I'ii.-  c.‘i!cul;iii.-J  yL'Driicli  y  is  sumriian/csl  in  culumn 

9  i)f  Taiiii.- 1.  1  l.c  cliVct  ul  .’i'l  l';c  LhjiuI  .ind  bond  angles  \siiliin  ihc 

py ;  iniiuii!L-  nng  IS  sin.il.ii  to  11...1  al: iiubcaied  :n  i 3/\ M  P,  i.c.,  a  slight  Icngtliening 
of  tlic  bunds  aiiachcd  lo  N  I ,  and  an  incrL-asC,  agtiin  by  about  6*,  in  the  iiilra-ring  bond 
angle  ai-om  Ni  \vi:li  ;i  sohseipacnt  ileereasc  in  bond  angle  N1-C2-N3  by  about  5*. 
Other  off.eis  of  prutonation  on  tlic  bond  lengths  iind  bond  angles  are  small. 

The  effect  of  protof,  .'.ujr.  ol  ONMi-- 1  on  the  torsional  angles  within  the  pyriniidine 
ring  is  neglieilile.  This  siiial'  iiifineiiee  of  p.  oii  niaiion  on  the  distortions  in  DNMP  is  m 
contrast  to  the  signiticant  one  founil  in  DAMP.  Ttie  tidtiinantyl  group  in  DAMi'H'' 
appears  to  potent  itn.c  the  el  feet  of  prutonaiion  and  ring  substitution  on  the  distor- 
tiotis.wfiereas  in  DNMf'-l  tl;e  naphiha.lene  ring,  assuming  a  nearly  perpendicular 
orientation  ith  re.spect  lo  the  psnmiilme  ring,  produecs  little  or  no  distortions  on  its 
own  and  the  ellects  of  proiunaiion  of  the  ring  on  the  distortions  are  negligible. 

Charge  Dnilribiiuoiix  in  DAM  I’  an.l  D.\'MJ‘-l 

Fractional  el'.arges  for  seieeted  atoms  in  DAMf-’  and  DNMP- 1  arc  listed  in  Table  II.  It 
is  seen  that  the  cliarge  dijiribiitic  n  for  the  atoms  listed  is  virtually  identical  fur  the  two 
species,  iiui. eating  that  the  il.flercnces  in  biologic. il  activity  between  DAMP  and 
D.NMP-l  arc  not  not  e.vplicabie  in  terms  of  electrostatic  arguments.  Of  particular 
interest  here  are  the  four  nitrogen  atoms  N 1,  N2,  N.’,  and  N4  since  these  atoms  are 
likely  points  of  atiacnment  of  the  antifolate  inhibitor  to  the  enzyme  and  arc  also  poten¬ 
tial  sites  of  proionation.  For  both  species,  .\'l  anti  N.1  are  tipprcciably  more  negative 
thcan  .N2  aiul  N4.  In  addition,  the  charges  on  N'  1  tind  N3  are  nearly  identical,  as  they  are 
on  N2  and  N4.  Mcnce,  the  cliarge  distribution  suggests  that  protonation  should  be 
preferred  at  !  or  N3.  .Similar  analysis  of  the  calculated  DAMPl  T  structure  reveals 
that  upon  (irotonation  the  fitictional  clia.'gc  of  NT  drops  to  —0.223  but  that  of  N3 
remains  i.e.iily  the  same  tit  — o  3.''2.  (  Tlic  fr.ietiuaal  ehaige  of  the  bonded  jirotoii  in 
DAMPfl'  IS  only  0.200,  mdieatia.  appreeit.i'lc  charge  delocalization.) 

Sue^  ur.d  Ena g:cs  of  Prjtu/n.:u>n 

Tl'.c  jucfeire.l  site  of  protomitior.  of  13  AMP  and  DN'.MP- 1  was  obtained  by  comparing 
the  total  energies  of  each  species  protonated  at  N  I,  N2,  N3  or  N4  (see  Figure  1).  For 
both  species  protemation  is  piefericd  at  N  1  over  .\3  by  ca.  0.16  eV  or  3.7  kcal  mol*' 
and  o\er  iN'2  or  ,^4  by  c:i.  1.6  eVor.'w.i)  kcalmui*'.  The  preference  for  protonation  of 
tin  intra-ring  nitrogen  rather  ih.m  an  e.ui.i-rmg  nitrogen  agrees  with  thercsultsofan  uh 
f/iiVfocalculaiion  on  the  proto.nation  of  amii'.uj)yrii.line  (Fossey,  1981)  and  is  constist- 
ent  witlt  the  more  negatne  charge  of  the  mtra-rmg  nitrogens.  The  preference  for  N 1 
over  No  tippears  much  raoie  subtle  in  nature.  The  bunded  proton  in  DAMPH*  carries 
a  charge  of —U. 22c"  in  Inv.h  e.ises,  die  N-i  I  ’  bond  lengths  are  identical  at  1.068  A  and 
only  slight  differences  in  chai  i  e  c.sisi  fo.-  eu.i.va.icnt  atoms  m  the  two  protonated  forms; 
hence,  this  piefercnce  slues  nut  .ij‘(ve..r  l.irgely  due  to  differences  in  charge 
delocalization  effects.  Confo;  inatioiinl  eltanges.  particularly  those  involving  the  ring 
torsional  angles,  do  result  iron;  proiu" jiiun.  ai;d  small  dilferences  are  noted  for  pro¬ 
tonation  at  .NT  as  compared  with  .N3.  The  preference  for  Nl  over  N3  therefore 
appears  lo  he  largely  stenc  (eunfcriiiaiiunai)  rather  than  electronic  in  character. 

Hnergics  of  proto  nation  at  N  1  oi  D.A.MI’  and  DN.MP- 1  were  compared  as  a  means  of 
assessing  the  effect  of  the  torsional  ring  distoi  tions  in  DAMP  on  ease  of  protuiiation. 
Tl'.c  results  indicate  a  sligiuprcfere.ice  forpiuionaiion  of  DNMP-  i  over  DAMP  by  ca. 
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(I  '  I  ;  s  null  ■.  1;  I-,  '-.lur.-. ..  •.ii.t;  iiii:ilu>uv:\;iii;  I ,  N  1  -pruiunaicd  while  the 

n.iiur.il  l^  lUip.'Aluii.ibil  w  iu- .  h.iiiiui  to  Dill'll,  and  lliis  dirfercncc  is 

I'll  n  I'.irii.  d  i. .i-i  onni  fill  die  cii/;.  inn's  J  'l'iain-cd  iifliiKty  fur  the  drug  (Matthews  el  ai, 
1  u77  j.  1 1,  .\.  c'.  nr.  it  .i|H'in.u  s  li.nt  the  tni  ‘.innal  ilistoi  iiuns  in  IhAMl'  do  not  faciliUite  its 
jiii.tontmou  :cnri\e  to  I'oi  a  ;>!aiiai  tint;  strticttirc  us  hiund  in  1)NMP-1.  'I'lic  cx- 
c'cptiwiial  bioa^iA  in,  uf  D/\N!ih  nivive  tl.at  e': preted  iir.  the  basis  of  lijiophilicity  alone, 
is  no;  ilie  '-■Aii;  of  inipiosed  ^.is,-  e-l  p.oU  niition  .is  a  lesiilt  ol  the  disloiteil  ling 
siiueiuie.  .\p..j;!';er,'ti,.A:n;.'.l  re.uv,r.  :r,  LaAM;-’ wiiicii  may  pla)' a  role  in  its  enhanced 
bioaciis'i;  \ ,  l'.owe\er,  is  thcslieht  “warjsir.g”  or  cibosv  observed  in  tlie  molecule  (Figure 
1  c),  as  a  ;  esii'.t  of  (  7  being  ()..i7  A  above  the  pyrimidine  plane  (Cody  and  Zakrzewski, 
1  ‘7X2;.  '1  iuscuiiid  allow  better  aecomniotiaiion  within  the  I7HFR  binding  pocket  rel¬ 
ative  to  tl'.e  I'.’.ternativc  colir.ear  form.  Suchii  po.ssibiliiyi.s  currently  under  investigation 
by  tl’.e  present  authijr.sbiit  will  insoive;'- detailed  siuiiy  of  various  conformational  forms 
of  DAMP  v-itlim  '.be  binding  pocket  of  UHFR. 

Conjornutli’^r.al-  f  '.r.ergy  C\ilctlLlti<.'i:.t 

'I'iie  jiiesei!’  nteiiauls  were  used  to  deteiminc  the  conformational  energies  associated 
Will',  ruiai. on  i.i  about  C5-C7  m  h.:;;;  D-AMP  and  DNMP-1.  For  DAMP  the 
cunl'ormatiun  r.i  m;  i.murn  energy  cjrfesp.jiuis  nearly  to  that  found  in  the  crystalline 
state  (P  ecu  VC  2a)  The  b.u  ; -.er  to  rott'.t'on  away  from  tile  preferred  conformation  is  very 
.steeji  iind  has  a  broad  maMmum  located  in  me  region  30-90’  (within  the  0-  120’  total 
configuration  sptiec)  aiul  is  about  X dJ  k-al  mor'  above  the  minimum.  High  rotational 
barriers  assoeuiicd  w  itti  adamantyl  groups  have  been  observed  by  others  (Lomas  and 
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I  .NiJO  3  Mv  Jl.i  I  Li  AK  UAi).' :  Ai.  t  .Al.C  i  l./\  1  ICj.Nb 

;L/'S!).  .N\;  v.iliA-  a  -■-■.s.'iii  i:i  iciijvm;:  ilii--  severe  sleric  cniillitlb 

h.-Uvccii  iiic  ami  4-  .'iaI  O-MibsliuiLnl  j^roup.s  un  llie  |))  riiimlinc  ring. 

'1  lie  li.ii  I  .ei  e.'feeiively  liieks  ;ii-  C'.'-C7  bomi  am!  preelmies  relief  nf  [lie  sicrie  ccinnicts 
I  esjiiiiisibie  Ur;  [lie  eli'-ti  ii  liniis  i  lie  tliSK  ir  (l■;l;ls  are  1  in  I  hei  aggravaled  by  pro  ion  a  [Kill 
;ukI  iiy  ill.'  p.e.eii.A  of  il-..-  (f'2-a:r.ii,u  gin'-ij). 

The  C5-C'^  born!  in  DN  MP- 1  is  c;-.  er.'i  l  more  lleMtiie  in  ip.  ili.il  In  [3  AMI'  in  lerms  of 
moo  .leec'  ib.e  I .  eio.:-  i  lei'.i;  .  i...iii  i.  p  ;.e  ( I  i.nire  2oy.  Using  the  jierpeiuiie'ilar 
conioi iii.iiioii  as  leferer.ee  ji.)="o'.  !£=(/. b  kea!  mol  the  energy  rises  slowly  to  cu. 
2.0  keal  mol  'at  (i.A>arO  ilie4-a.'iii'.ogrntiji)  then  rises  sharply  to  cri.  7.2  kcal 

mol  '  at  ‘70'  (a  Copla.iar  ^.oiiformaiion).  I'liesc  h.igh  energy  conformations  are 
associated  Aitli  coi respoiiilmg  inei eases  m  the  ring  ilistortion.  Rotation  away  from 
i!)=0’  teiAaitl  the  b-meihyi  eroa,)  -  hows  a  gradual  Jccretisc  in  energy,  to  ca,  — 1.5  kcal 
moU'  at  cj-fitJ’.  lolloaed  bv  another  ma.vir.uim  at  tp“‘70*.  The  calculated  preferred 
conform  I. ion  ui  D.X'.MP- 1  isiier.ce  different  from  that  (perpendicular)  observed  in  the 
cry  sialiine  state  and  esn.liitsa  complete  absence  of  ring  distortions.  The  geometry  and 
tT.arge  disirihiiiKm  are  only  slig.itly  affectcil  by  rotation.  Preliminary  results  in  this 
regard  lu;  bN.'vIP-2  (i'igaie  2e)  exiiibit  a  profile  similar  to  that  for  UNMP-1. 
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D,-\.\1P  am!  related  siiecies.  Caicui.iicd  build  lengths  and  bomi  angles  are  in  quantita¬ 
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conniai  I'on-..  I;  is  the  uiieiii  of  il..'  .lU'.liors  to  e.Mciul  llie.se  e.ileul.ilions  to  other  related 
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increi.smg  tor  tne  re-q  .vii.e  ii.  .ll  .•■•.■w  .n.d  .tir.l.tliea  decreasing  for  u-propyl.  The 
pre^enl  nieiiiods  slioald  ;iro\e  asetal  tor  e.staiilisiiing  the  structural  and  conforma¬ 
tional  basis  ;;f  tills  vari.itioii. 
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Summary 

The  extended  Hiickel  method  was  employed  to  calculate  electronic 
band  structures  in  iridium  carbonyl  chloride  chains  in  an  attempt  to  eluci¬ 
date  their  equilibrium  geometry  and  partial  oxidation.  The  unit  cell  energies 
thus  calculated  indicate  that  alternate  Ir(CO)3Cl  units  are  staggered  relative 
to  one  another,  with  SOT  positional  disorder  in  the  crystalline  phase.  Bound 
states  are  not  possible  in  the  Ir(CO)3Cl  chain  without  partial  oxidation 
of  Ir,  indicating  that  the  repeat  unit  must  be  nonstoichiometric.  A  small 
amount  of  partial  oxidation  of  Ir  gives  a  bound  state  of  the  chain  when  the 
Ir-Ir  separation  is  set  equal  to  2.844  .A,  in  agreement  with  experimental 
observations. 


Introduction 

The  Krogmann  salts  [1,  2)  such  as  those  of  Pt  and  Ir  are  square-planar 
complexes  of  d*  transition-metal  ions  stacked  in  columns  in  the  crystalline 
phase,  with  the  metal  atoms  aligned  along  the  columnar  axis.  These  continu¬ 
ous  chains  are  often  referred  to  as  ‘one-dimensional  conductors’  [3  -  5] 
because  of  their  metal-like  conductivities  along  the  stacking  direction.  A 
major  family  of  these  compounds  is  nonstoichiometric  [3  -  5),  giving  a 
partially  filled  conduction  band  for  high  electrical  conductivity.  However, 
controversy  has  eirisen  concerning  the  iridium  carbonyl  chloride  chain,  a 
segment  of  which  is  shown  in  Fig.  1.  It  was  originally  characterized  as 
Ir(COl3Cl  [3,6,  7],  but  later  reported  to  be  nonstoich.ometric  Ir(CO)i  .93CI  1.07 
[8]  (Ir  oxidation  1.07)  or  lr(CO)3Cli.i  [9]  (Ir  oxidation  1,1).  The  observed 
Ir  Ir  distance  of  2,844  .A  [8|  requires  an  oxidation  state  of  Ir'-^  for  good 
agreement  with  the  empirical  correlation  [3]  obtained  from  Pauling’s  bond 
distance-bond  number  relationship  [10].  Also,  the  measured  high  conduc¬ 
tivity  (0.2  '  cm  ')  [11]  and  low  activation  energy  (0.064  eV)  are  in 

support  of  the  partial  oxidation  of  iridium;  unoxidized  chain  complexes  have 
much  smaller  conductivities  amd  higher  activation  energies. 

0379-6779/83 /$3  00  ,5  Elsevier  .Sequoia/Prinled  in  The  Netherlands 
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Fig.  1,  A  segment  of  the  iridium  carbonyl  chloride  chain 


In  the  present  work,  attempts  are  made  to  explain  the  geometrical 
structure  of  the  IrfCOlyCl  chain  and  to  determine  the  oxidation  state  of 
iridium  from  the  band  structure  analysis. 


Theory 

For  any  molecule,  including  polymeric  chains,  the  LCAO  approxima¬ 
tion  and  Bloch’s  Theorem  can  be  used  to  develop  the  crystal  orbitals  w„(A). 
For  a  one-dimensional  system  in  which  N  —  1  cells  are  interacting  with  the 
reference  cell  and  for  a  basis  set  of  length  u>  describing  the  wave  function 
within  a  given  cell,  the  nth  crystal  orbital  v„(A:)  is  defined  as  [12  -  16] 

1 

V  V  expiiA.'-/?;  1  C„u(A)  Xul/"  — )  (1) 

(.V  i),:m=i 

where  the  quantity  k  is  the  wave  vector  smd  Rj  is  the  one-dimensional 
position  vector  given  by  R,  =  ja  with  a  the  basic  vector  of  the  crystal.  is 
the  expansion  coefficient  of  the  linear  combination  and  'Xu;  is  the  set  of 
basis  functions  of  Slater  form.  Calculations  included  all  the  valence  atomic 
orbitals  of  the  Ir,  C  and  O  atoms,  but  for  Cl  atoms  only  s  and  p  orbitals  were 
considered.  The  unit  cell  contains  two  Ir(CO)3Cl  units  and,  in  the  present 
calculations,  lattice  sums  were  carried  out  to  second-nearest  neighbors. 

Using  the  extended  Hiickel  approximation,  the  corresponding  eigen¬ 
values  E„(k)  are  obtained  from  the  eigenvalue  equation 

H\k)C„[k)  =  S{k)C„[k)E„(k)  (2) 

where  Hik )  and  S(k)  are  the  usual  Hamiltonian  and  overlap  matrices. 

The  distribution  of  the  values  for  a  given  n  with  respect  to  k 

(usually  within  the  first  Brillouin  zone,  — 0.5A'  <  A  <  0.5A',  where  K  = 
27r/a)  is  the  nth  energy  band.  Since  the  variation  of  £„(A)  with  k  would  be 
symmetrical  about  the  center  of  the  first  Brillouin  zone,  computations  were 
performed  to  determine  only  one  half  (0  <  A  0.5A)  of  the  energy  band. 
The  set  of  all  energy  bands  describes  the  band  structures  of  the  compound. 


TABLE  I 

Atomic  parameters  for  the  extended  Hiickel-type  calculations 
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.Atom 

Orbital 

Xm 

Slater  exponent* 

Valence  state  ionization 
potential  .4yy  (eV) 

C 

2s 

1  625 

— 

-21.4 

2p 

1  625 

- 

-1  1.4 

O 

2s 

2.275 

- 

-32.3 

2p 

2.275 

- 

-  14.8 

Cl 

3s 

2  356 

- 

-24.2 

3p 

2.039 

- 

-15.0 

Ir 

6s 

2.50-4 

— 

-8.09 

6p 

2,484 

- 

—4.57 

3d 

5.796  (0.6698) 

2.557  (0  5860 ) 

-12.5 

“Two 

Slater  exponents 

tor  the  5d  function,  with  double  zeta 

expansion  coefficients  in 

parentheses. 


The  extended  Hiickel  pcirameters  for  C,  O  and  Cl  were  obtained  from 
the  literature  [17,  18].  Following  Summerville  and  Hoffmann  [17],  the 
valence  state  ionization  potentials  for  Ir  were  assumed  the  same  as  those 
for  Rh  [17],  which  is  directly  above  Ir  in  the  group  VIII  elements  in  the 
periodic  table  and  whose  electronic  configuration  is  similar  to  that  of  Ir.  Its 
orbital  exponents  fy  were  taken  from  the  work  of  Basch  and  Gray  [19].  All 
these  parameters  are  summarized  in  Table  1.  The  geometrical  parameters 
(bond  lengths  and  bond  angles)  of  Ir(CO)3Cl  were  obtained  from  X-ray 
results  [3,8]. 

To  determine  the  most  stable  geometrical  configuration  of  the  chain, 
the  distance  j,  between  the  two  Ir  atoms  was  varied  from  2.5  A  to  4.0  .A 
in  steps  of  0.1  .A.  For  each  value,  the  dihedral  angle  0  between  the  two 
Cl  atoms  in  the  unit  cell  was  also  varied  (0=0°  for  chlorine-chlorine  cis), 
keeping  the  other  geometrical  parameters  fixed.  For  each  arrangement  of 
Ir(CO)3Cl  units,  the  total  energy  per  unit  cell  (£■,)  was  calculated  from  its 
band  structure  as  a  function  of  both  ,,  and  0.  The  equation  employed 
was  [14,  16| 

j  K/2 

(£,>=-[  E,(k}dk  (3) 

^  -K/2 

where  Et(k)  is  the  total  energy  at  k  and,  according  to  the  extended  Hiickel 
method. 


occupied 

£,(*)  =  2  V  Ejk) 

n 


The  unit  ceil  structure  which  corresponds  to  the  minimum  total  energy  is 
identified  as  the  most  stable  packing  arrangement. 
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To  calculate  (£,)  for  the  partially  oxidized  states  the  energy  loss  per 
unit  cell  due  to  the  electron  removal  from  the  valence  band  had  to  be 
determined.  For  that,  the  Fermi  level  Ef  or  the  Fermi  momentum  kf  was 
calculated  from  the  integrated  density  of  states  n(E)  for  the  valence  band. 
The  expression  for  nlF),  which  is  the  number  of  electrons  per  unit  cell 
when  the  energy  levels  are  occupied  up  to  E,  is  given  by  [14] 


E 


n 


(41 


where  is  the  bottom  of  the  valence  band.  The  quantity  g(F),  the  density 
of  states,  is  given  by 


g{E)  = 


1  dA 
7  dE 


for  one-dimensional  systems.  For  each  increment  of  partial  oxidation  5  of  Ir 
{Ir’*'^;  5  =  0.05,  0.1,  0.2,  0.3,  0.4,  0.5,  0.6,  0.7),  the  energy  loss  per  unit  cell 
caused  by  electron  removal  was  calculated  from  the  Fermi  momentum  k,. 


Results  and  discussion 

The  variation  of  <£,)  with  0  was  analyzed  for  different  Equation  • 
(3)  indicates  that  for  a  fixed  value  of  (a  constant),  the  total  energy  per 
unit  cell  (E^)  is  directly  proportional  to  the  area  enclosed  by  the  curve  of 
E^k)  against  A.  Figure  2  shows  one  such  typical  E^ik)  versus  A  plot  (for 

=  2.844  -\)  for  various  values  of  <p.  It  is  seen  from  this  Figure  that  the 
curve  for  d  =  135"  encloses  the  maximum  area.  Because  the  EjA)  are  all 
negative,  the  total  energy  <Fj>  would  be  minimum  at  ibis  value  of  0.  This  has 
also  been  observed  for  other  values  of  Therefore,  0  =  135  (the  Ir  Cl 
bond  of  one  Ir(CO)3Cl  unit  bisecting  the  angle  between  Ir  CO  bonds  of 
another  unit  in  the  unit  cell)  corresponds  to  the  minimum  energy  configura¬ 
tion  of  the  IrlCOijCl  chain.  Since  there  are  two  equivalent  configurations 
(0  =  135".  225  )  of  this  arrangement,  it  is  expected  that  there  would  be  50^ 
positional  disorder  in  the  Ir(CO)3Cl  crystal  structure.  This  conclusion  is  in 
agreement  with  X-ray  structure  analysis  [3].  On  this  basis,  the  rest  of  the 
results  presented  here  correspond  to  this  staggered  arrangement  (0  =  135°)  of 
alternate  Ir(CO)3Cl  units. 

To  determine  the  most  stable  separation  between  the  Ir(CO)3Cl  units, 
again  the  curves  for  the  variation  of  £,(£)  against  A  for  different  values  of 
rir-ij  were  drawn.  The  results  are  shown  in  Fig.  3.  Since,  in  this  case 
is  varying  (a  is  not  constant),  the  direct  proportionality  of  (E^)  with  the 
enclosed  area  is  no  longer  valid.  Equation  (3)  was  then  evaluated  analytically 
for  each  value  of  obtaining  an  analytical  expression  for  Ei(k)  by 

polynomial  fit.  The  results  are  summarized  in  Fig.  4,  which  shows  that  total 


* 


Fig,  2  I’he  dfpendt'ncc  of  /vt(A)  on  A  fur  various  vaiut's  of  0.  at  r|^  -  2  HI -I 

Fig.  2  I'iic  (JoptMultMu  f  of  Ft(A  )  on  A  for  various  values  of  r|,. 
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Fiy.  4.  The  total  energy  per  unit  cell  for  the  unoxidized  IriCOljCl  chain  as  a  function  of 
''ir  Ir 


energy  per  unit  cell  iEi)  decreases  monotonically  with  increase  in  ru-ir. 
This  indicates  that  the  Ir(CO)3Cl  chain  would  not  be  in  a  bound  state.  At 
''ir  Ir  “  2.844  .A,  the  experimentally  measured  [8)  distance,  the  chain  is  less 
stable  than  the  isolated  IrlCOlyCl  units  by  0.83  eV  (19.2  kcal  moP').  There¬ 
fore  to  get  a  bound  state  of  the  chain,  the  Ir  would  apparently  have  to  be 
partially  oxidized. 

The  band  structure  of  the  lr( CO IjCl  chain  at  a  typical  value  of  i,  = 
2.844  .A  is  shown  in  Fig.  5,  where  the  uppermost  p,  band  is  the  lowest 
vacant  band  and  the  highest  occupied  band  has  d^;  antibonding  character. 
For  the  partial  oxidation,  electrons  have  to  be  removed  from  this  band.  An 
analytical  expression  for  E(k)  for  the  d.i  band  was  determined  by  a  poly¬ 
nomial  fit  and  eqn.  (4)  was  evaluated  analytically  for  different  values  of  E. 
The  results  of  this  analysis  are  shown  in  Fig.  6  for  =  2.844  A,  where 
n(E)  is  normalized  so  that  n(E)  becomes  two  electrons  at  the  top  of  the  d.i 
band.  Since  a  unit  cell  contains  two  IrlCOljCl  subunits,  the  partial  oxidation 
state  Ir’*''  corresponds  to  an  electron  removal  of  26  per  unit  cell.  From 
examination  of  Fig.  6  it  is  apparent  that  for  5  =  0.05,  0.1,  0.2,  0.3,  0.4,  0.5, 
0.6  and  0.7,  the  Fermi  momenta  Ar,  turn  out  to  be  nearly  0.025Af,  0.05A'. 
O.lOA,  0.15A',  0.20A,  0.25A,  0.30A,  and  0.35A,  respectively.  The  analysis 


05K 


306 


Fig.  The  total  energy  per  unit  cell  for  the  partially  oxidized  Ir(CO)3Cl  chain  as  a 
function  of  for  various  values  of  o 

of  n(E)  at  other  values  of  ij  reveals  the  same  correlation  between  kf  and  6 
as  the  above.  Although  relevant  experimental  data  on  IrlCOlaCl  are  lacking, 
the  calculated  results  are  in  agreement  with  experimental  findings  on  Pt 
complexes  [20], 

From  knowledge  of  the  Fermi  momentum  kt  for  various  amounts  of 
partial  oxidation,  the  modified  total  energy  per  unit  cell  {E^)  for  different 
values  of  was  calculated.  The  results  are  shown  in  Fig.  7.  From  the 
analysis  of  such  curves  it  is  found  that  the  equilibrium  value  of  [,  becomes 
2.844  A  for  5  =  0.05  to  0.3  and  then  it  increases  with  increase  in  partial 
oxidation.  Also,  the  depth  of  the  potential  well  decreases  with  increase  of 
partial  oxidation.  This  behavior  of  the  IrlCOljCl  chain  is  the  opposite  of  that 
shown  by  Pt  complexes  (3,  5],  where  rp,  p,  decreases  (to  a  minimum  value 
of  '2.8  A)  with  increasing  partial  oxidation.  This  is  because  in  the  case  of 
Ir(CO)3Cl  the  conduction  d.;  band  width  is  larger  for  smaller  values  of /-[r 
This  leads  to  a  smaller  energy  loss  for  the  loA^er  state  of  oxidation  giving 
smaller  values  of  the  equilibrium  distance.  But  as  the  amount  of  partial 
oxidation  increases,  the  variation  of  the  loss  of  energy  with  ,,  decreases, 
creating  the  energy  minima  at  higher  values  of  The  present  calculated 
results  are  in  agreement  with  the  experimental  observation  [8]  that  the 
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iridium -iridium  distance  is  2.844  A  for  a  small  amount  of  partial  oxidation 
(6  =  0.07  -  0.10)  of  iridium. 
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lotroductioo 

The  configuration-dependent  properties  of  a  polymer 
chain,  such  as  random-coil  dipole  moments  and  dimensions, 
will  depend  on  the  relative  energies  of  the  conformational 
states  accessible  to  the  skeletal  bonds  of  the  chain  (1/. 
Likewise,  it  has  been  anticipated  and  recently 
demonstrated  from  band  gap  calculations  (2)  that  the 
electrical  conductivity  of  a  polysier  chain  will  in  general 
vary  as  a  function  of  the  degree  of  overlap  of  the 
orbitals  responsible  for  the  conduction  of  electrons,  and 
this  in  turn  will  be  conformation  dependent.  This  latter 
point  is  pertinent  to  the  polysilanes  since  recent 
experimental  studies  indicate  that  at  least  one  of  these, 
the  phenylmethylsilane  polymer  (more  cosnonly  known  as 
"polysilastyrene") ,  appears  to  become  semiconducting  upon 
addition  of  chemical  dopants  (3).  Thus  this  polymer,  and 
possibly  other  polysilanes,  should  be  added  to  the  list  of 
conducting  and  semiconducting  polymers,  including 
polyacetylene  (4),  poly(£-phenylene)  (5^,  poly(£-pheny]ene 
sulfide)  (6),  and  polypyrrole  (7). 

Investigations  are  underway  to  measure  some  of  the 
conf iguration-dependent  properties  of  a  series  of 
substituted  polysilanes  (8).  Results  of  these 
experimental  studies  will  be  compared  with  chose  obtained 
by  theoretical  methods  based  on  Che  rotational  isomeric 
state  approximation  using  conformational  energies  computed 
from  empirical  potential  energy  functions  (I).  Electronic 
band  gap  calculations  are  also  being  carried  out  on  these 
polymers,  particularly  as  a  function  of  structure  and 
chain  configuration,  in  order  to  assess  their  potential  as 
electrical  conductors  or  semiconductors.  The  present 
study  focuses  on  calculations  of  conformational  energies 
of  the  simplest  of  these  polymers,  polyailane  itself,  [SiH2 
-j  .  The  results  will  of  course  be  directly  applicable  to 
Che  prediction  and  interpretation  of  configuration- 
dependent  properties  and  to  Che  analysis  of  the  relation 
between  electrical  conductivity  and  conformation. 

29  . 

High-resolution  Si  NMR  meaauremencs  were  aiao 
carried  out  on  a  phenylmethylsilane  homopolymer  and 
copolymer  in  the  solid  state.  The  mechanical  and 
electrical  properties  of  polysilanes  are  inherently  chose 
of  Che  bulk  solid  systems.  Thus,  studies  of  the  molecular 
origins  of  these  properties  require  s  spectroscopic 
technique  that  is  feasible  for  solid  systems,  sod  one 
which  can  discriminate  on  the  basis  of  chemical 
environment.  Solid-state  high  resolution  NMR  is  obviously 
one  such  technique. 

NDlmcular  Nechanics  Calculatione 

Conformational  energies  £,  calculated  uaing 
parameteriaed  empirical  potential  energy  functions  summing 
contributions  from  scene  (nonbonded)  and  torsional  terms, 


were^  obtained  for  the  chain  segment  — Si-SiH2— SiH2-SiH2  — 
SiH2-SiH2-Si  as  a  function  of  the  rotational  angles 
and  (J>g  with  bonds  a  and  d  held  in  the  trans  ( ■  0*) 

conformation.  Pertinent  structural  parameters  are  2.34 
and  1.48  X,  respectively,  for  the  Si-Si  and  Si-H  bond 

lengths  and  109.5°  and  110.3°,  respectively,  for  the  Si- 
Si-Si  and  Si-Si-H  bond  angles  (9).  Thus  the  corresponding 
C-C  (1.53  A>  and  C-H  (1,10  A)  bond  lengths  in  the 
structurally  analogous  n-alkanes  (1.10)  are  subacantially 
smaller,  and  the  additional  0.81  A  length  of  Che  Si-Si 

bond  relative  to  C-C  would  be  expected  to  greatly  reduce 
the  seventy  of  repulsive  interactions  in  the  polysilanesj^ 
At  the  same  time,  however,  Che  additional  length  of  0.38  A 
for  Che  Si-H  bond  over  Che  C-H  bond  could  act  to  offset 

this  (9).  The  corresponding  C-C-C  and  C-C-H  bond  angles 
are  112°  and  109°  (1,10),  respectively,  and  these  are 

nearly  identical  to  the  corresponding  angles  for  the 
polysilanes. 

The  nonbonded  interactions  were  described  by  the 
Buckingham  potential  function  (1).  As  a  result  of  the 
larger  size  and  greater  polarizability  of  Si  relative  to 
C,  Che  potential  energy  minimum  for  Si’**Si  is  roughly  4 
times  as  deep  and  located  0,5  X  more  distant  than  that 
for  the  C‘*‘C  interaction.  Likewise,  Che  potential  energy 
minimum  for  Che  Si*>*H  interaction  is  about  twice  as  deep 
and  0.25  A  more  distant  than  chat  for  C***H.  In  the 
torsional  terms,  the  intrinsic  torsional  barrier  height  Ee 
•  0.4  kcal  mol“^  for  the  Si-Si  bond  is  considerably 

smaller  than  the  corresponding  value  (2.8  kcal  moI'M  for 
Che  C-C  bond  in  the  n-alkanes  (1,10,11).  This  feature 
will  tend  to  flatten  the  potential  energy  surface.  Hence, 
it  is  seen  chat  the  polyailane  and  the  n-alkanes  actually 
differ  markedly  in  terms  of  their  geometric  (bond  lengths) 
and  energy  parameters.  These  differences  manifest 

themselves  in  the  potential  energy  surfaces  calculated  for 
the  two  types  of  chains. 

Results  of  the  (informational  Analysis 

The  results  are  given  in  Cerma  of  a  potential  energy 
surface  as  a  function  of  the  rotational  angles  ^  and 
Values  of  E  for  Che  c:(0°,  0°),  g“g“  (^120°,  2120°),  and 
states,  which  are  particularly  pertinent  to 

calculations  of  : on cigura Cion-dependent  proper c les 
utilizing  the  rotational  isomeric-stace  theory  (1),  are  - 
1.17,  -1.88,  and  9.08  kcal  mol*^,  respectively.  Hence, 
g^*  states  are  preferred  over  the  alternative  tc  states 
by  ca.  0.7  kcal  mol“^,  while  Che  g"g'^  states  are 

prohibitively  repulsive  as  is  typically  the  case  (1).  By 
comparison,  in  the  analogous  n-alkanes  the  tc  state  is 
preferred  over  the  gH"  *cates  by  ca.  I.O  kcal  mol”i 
(1,10).  On  Che  assumption  that  intermolecular  energies 
generally  have  only  a  small  effect  on  conformation  (1), 
the  crystalline  state  conformation  could  thus  be  similar 
to  Che  polyoxymethy lene  [(2H2-0-]  9,;  helix,  rather  than  to 
the  polyethylene  [CH2’-CH2-J  planar  zig-zag  conformation. 

Nearly  all  regions  of  Che  conformational-energy  space 
are  within  2.0  kcal  mol~^  of  the  energy  minima;  this  is  in 
share  contratC  to  the  relatively  high  barriers  (>  6  kcal 
mol~0  and  large  regions  of  prohibitively  large  energy 
found  for  the  n-alkanes  (10).  Investigations  are  underway 
CO  determine  the  influence  of  both  the  preference  for 
gauche  states  over  trsns  states  and  the  relatively  high 
degree  of  conformational  flexibility  on  Che  configuration- 
dependent  properties  and  electrical  conductivity  of  Che 
polysilanes. 

29 

Si  NMR  Spectroscopy 

This  type  of  solid-state  spectroscopy  is  being  used 
to  characterize  polysilanes  in  terms  of  chemical 
environaienc  of  the  silicons  in  the  backbone,  relaxation  of 
backbone  8iIi(.ons,  (which  can  elucidate  molecular  motion 
of  the  nuclaus  undar  observation)  and  the  quantity  and 


* 


Cype  of  crosslinks.  A  typical  spectrum  is  shown  in  Figure 
1.  Of  greatest  interest  is  the  study  of  doped  systems. 


Fig.  1.  Si  spectrum  (1?,88  MHz)  of  a 
poly-(41Z  phenylmechyisilane,  59Z 
d  imethy Isi lane )  block  copolymer  at  T  ■ 
150K.  The  silicon  chemical  shift 
aniaotropy,  about  35  ppm  total  width, 
appears  to  exhibit  an  asynmetry 
parameter  near  unity.  Experimental 
conditions:  cross  polarization, 
matching  RF  fields  42kHz,  decoupling  RF 
field  about  60kHz,  mix  time  4  msec, 
recycle  2  sec,  540  transients. 


and  the  relationship  of  network  structure  to  the 
semiconductive  properties  of  polysilane  chains.  For 
instance,  previous  work  on  undoped  polyacecy lene  (13) 
indicated  that  the  nominally  cis*  and  trans*  materials 
were  structurally  pure  Ci.e.,  no  cis'trans  mixtures 
occurred).  The  presence  of  a  small  concentration  of  sp^ 
hybridized  carbon,  ascribable  to  chain  ends,  crosslinks, 
or  hydrogenated  regions,  was  also  indicated.  The  chemical 
shifts  were  "normal",  in  that  the  values  did  not  reflect 
the  occurrence  of  metallic  conduction. 

Parallel  studies  on  pure  and  on  doped  polysilanes  are 
also  being  carried  out  in  order  to  understand  how  the 
addition  of  electron  acceptors  such  as  A8F3  influences  the 
Chemistry  and  structure  in  giving  rise  to  semiconducting 
properties  (3). 


Re  ferencea 


1.  P.  J.  Flory,  "Statistical  Mechanics  of  Cham 
Molecules",  Intersc lence ,  New  York,  N.Y.,  1969. 

2.  D.  Bhaumik  and  J.  E.  Mark,  Polymer  Preprints ,  Div .  of 

Polymer  Chemistry,  ACS ,  23,  105  (1982);  work  in 

progress . 

3.  R.  West,  L.  D.  David,  P.  I.  Djurovich,  K.  L. 

Stearley,  K.  S.  V.  Snnivasan,  and  H.  Yu,  J.  Am. 
Chem.  Soc. ,  103,  7352  (1981).  “  ~ 

4.  C.  K.  Chiang,  M.  A.  Drey,  S.  C.  Cau ,  A.  J.  Heeger,  A. 
C.  MacDiarmid,  Y.  W.  Park,  and  H.  Shirakawa,  Am. 
Chem.  Soc.  ,  100,  1013  (1978);  C.  K.  Chiang,  ~Y.  “w. 
Park,  A.  J.  Heeger,  H.  Shirakawa,  £.  J.  Louis,  and  A. 
C.  MacDiarmid,  Chem.  Phys . ,  69,  5098  (1978). 

5.  D.  M.  Ivory,  C.  C.  Miller,  J.  M.  Sowa,  L.  W. 

Shacklette,  R.  R.  Chance,  R.  H.  Baughman,  J.  Chem. 

Phvs. .  71,  150b  (1979). 

6.  J.  F.  Rabolt,  T.  C.  Clarke,  K.  K.  Kanazawa,  J.  R. 

Reynolds,  and  C.  B.  Street,  J .  C.  S .  Chem.  Coop  ,  347 

(1980). 

7.  K.  K.  Kanazawa,  A.  F.  Diaz,  R.  H.  Geiss,  W.  D.  Gill, 
J.  F.  Kwak,  J.  A.  Logan,  J.  F.  Rabolt,  and  C.  B. 
Street,  J . C . S .  Chem.  Coop. ,  854  (1979). 

8.  Research  in  progress. 

9.  J.  P.  Hutmel,  J.  Stackhouse,  and  K.  Mislow, 
Tetrahedron,  33,  1925  (1977);  M.  T.  Tribble  and  S.  L. 
AlUngcr,  Ibid.  .  28.  2147  (  1972). 


10. 

A.  Abe,  R.  L. 

Jernigan,  and  P. 

J.  Flory,  J.  Chen. 

Soc.,  88,  631 

(1966). 

11. 

W.  J.  Welsh. 

J.  E.  Mark,  and 

E.  Riande .  Polvn.  J., 

12.  467  (1980) 

12. 

K.  S.  Pitzer, 

Adv.  Chem.  Phvs . 

2,  59  (1959). 

13. 

M.  M.  Maricq 

,  .  Waugh, 

A.  G.  MacDiarmid,  K. 

Shirakawa  and  A.  J.  Heeger,  J.  Chem.  Soc.,  100, 

7729  (1978). 


Acknow Icdgmaeat 


It  ia  a  pleasure  to  acknowledge  financial  support 
from  the  Air  Force  Office  of  Scientific  Research. 


132 


-7 


Theoretical  Investigations  on  Some  Rigid-Rod  Polymers 
Used  as  High-Performance  Materials 

WILLIAM  J.  WELSH‘-^.  DHARMAJYOTI  BHAUMIK^, 

HANS  H.  JAFFE‘,  and  JAMES  E.  MARK‘ 

^Department  of  Chemistry  and  the  Polymer  Research  Center 
University  of  Cincinnati 
Cincinnati,  Ohio  45221 

^Department  of  Chemistry 
College  of  Mount  St.  Joseph 
Mount  St  Joseph,  Ohio  45051 

This  review  focuses  on  a  new  type  of  pora-catenated  aromatic 
polymer  being  used  in  the  preparation  of  high-performance 
films  and  fibers  of  exceptional  strength,  thermal  stability,  and 
environmental  resistance,  including  inertness  to  essentially  all 
common  solvents.  Polymers  of  this  type  include  cis  and  trans- 
poly(p-phenylene  benzobisoxaaole)  (FBO),  and  the  cis  and 
trans  forms  of  the  corresponding  poly(p-phenylene  benzobis- 
thiazolef  (FBT).  The  purpose  of  this  paper  is  to  summarize  the 
Authors'  theoretical  work  on  the  structures,  conformational 
energies,  intermolecular  interactions,  and  electronic  properties 
of  PBO  and  PBT  chains,  including  the  protonated  forms  known 
to  exist  in  strong  acids.  The  emphasis  is  on  how  such  studies 
provide  a  molecular  understanding  of  the  unusual  properties 
and  processing  charactenstics  of  this  new  class  of  materials. 


nSTRODUCnON 

Synthetic  polymers  now  pervade  all  industrialized 
societies,  with  new  applications  appearing  on 
an  almost  daily  basis  (1).  One  example  of  a  case  in 
which  specially  synthesized  polymers  have  been 
particularly  impressive  in  their  replacement  of  non¬ 
synthetic  or  non-polymeric  substances  is  the  area 
of  "high-performance”  materials.  Materials  in  this 
category  are  so  designated  because  of  their  ability 
to  maintain  desirable  properties  over  a  wide  range 
in  temperature,  and  frequently  despite  exposure  to 
very  hostile  environments.  Some  specific  examples 
of  the  superiority  of  man-made  polymers  are  pack¬ 
aging  BIms  that  are  tougher  than  the  cellulose- 
based  materials  they  replace,  and  textile  Bbers  such 
as  Dacron,  which  are  much  more  durable  than  most 
naturally  occurring  fibers.  A  more  exotic  example 
b  the  class  of  aromatic  polyamides  having  high 
melting  points  and  exhibiting  strengths  (on  a  weight 
basis)  well  above  that  of  steel  (1). 

The  present  review  focuses  on  a  new  type  of 
pora-catenated  aromatic  polymer  being  used  in  the 
preparation  of  high-performance  BIms  and  Bbers  of 
exceptional  strength,  thermal  stability,  and  environ- 
owntal  resistance,  including  inertness  to  essentially 
all  common  solvents.  A  polymer  of  this  type,  a 
poly(p-pheiiylene  benzobisoxazole)  (PBO),  is  illus¬ 
trated  in  Fig.  1  (2).  The  isomer  shown  here  is 
designated  the  cis  form  on  the  basis  of  the  relative 
locations  of  the  two  oxygen  atoms  in  the  repeat 
anit.  Other  related  polymers  of  interest  are  the 
Irans-PBO  and  the  cis  and  trans  forms  of  the  cor¬ 


responding  poly(p-phenylene  benzobisthiazole) 
(PBT),  in  which  the  two  oxygen  atoms  are  replaced 
by  sulfur  atoms. 

As  can  be  seen  fitom  the  sketch,  these  chains  are 
e,xtremely  stiff,  approaching  the  limit  of  a  rigid-rod 
molecule.  Because  of  their  rigidity,  they  readily 
form  liquid-crystalline  phases  (i^9),  specifically  ne¬ 
matic  phases  - - - — —  in  which 

the  chains  are  aligned  axially  but  are  out  of  register 
in  a  random  manner.  The  spinning  of  films  from  a 
liquid-crystalline  dope  of  such  a  polymer  has  great 
advantages  (1,  10).  The  required  flow  of  the  system 
is  facilitated,  and  the  chains  already  have  a  great 
deal  of  the  ordering  they  need  in  the  crystdline 
fibrous  state  to  exhibit  the  desired  mechani^  prop¬ 
erties.  Not  surprisingly,  PBO  and  PBT  chains  are 
the  focus  of  the  US  Air  Force's  “Ordered  Polymers" 
Program  (10),  which  has  been  established  to  de¬ 
velop  high-performance  materials  for  aerospace  ap¬ 
plications.  They  aro  being  used  not  only  as  fibers 
and  films,  but  al.so  as  reinforcing  fibrous  fillers  in 
amorphous  matrices  to  give  “molecular  composites” 
(10-12),  where  they  serve  the  same  purpose  as  the 
macroscopic  glass  or  graphite  fibers  widely  used  in 
multi-phase  polymer  systems. 

The  purpose  of  this  account  is  to  summarize  the 
authors’  theoretical  work  on  the  structures,  confor¬ 
mational  energies,  intermolecular  interactions,  and 
electronic  properties  of  PBO  and  PBT  chains,  in¬ 
cluding  the  protonated  forms  known  to  exist  in 
strong  acids.  The  emphasis  b  on  how  such  studies 
provide  a  molecular  understanding  of  the  unusual 
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Fig.  1.  The  cis-PBO  repeat  unit  (2). 


properties  and  processing  characteristics  of  this 
new  class  of  materials. 

METHODOLOGY 

Both  empirical  molecular  mechanics  methods 
(13)  and  semiempirical  CNDO/2  (Complete  Ne¬ 
glect  of  Differential  Overlap)  molecular  orbital 
methods  (14)  were  used  for  the  (intramolecular) 
conformational  energy  calculations.  Only  the  for¬ 
mer,  however,  has  been  used  to  date  for  the  inter- 
molecular  interactions.  The  latter,  quantum  me¬ 
chanical  technique  was  modified  to  include  geom¬ 
etry  optimization  (13,  16),  except  in  the  case  of 
molecules  containing  sulfur  (because  of  the  in¬ 
creased  number  of  electrons).  In  the  molecular 
mechanics  calculations  the  interaction  energy  £  was 
considered  to  be  the  sum  of  the  steric  or  van  der 
Waals  energy,  the  Coulombic  ener^,  and  the  bond 
torsional  energy.  The  van  der  WaaJs  energies  were 
calculated  from  Buckingham  potential  functions, 
generally  with  standard  values  of  the  function  pa¬ 
rameters  (2).  Coulombic  interaction  energies  were 
obtained  using  partiaP charges  obtained  from  the 
CNDO  method;  the  values  of  the  dielectric  constant 
employed  were  the  order  of  unity  for  calculations 
on  the  chains  alone,  and  the  other  of  one  hundred 
for  the  chains  dispersed  in  a  strong  acid.  The  tor- 
sipnal  contributions  for  the  rotatable  p-phenylene 
bonds  were  taken  to  be  two-fold  symmetric,  with 
minimum  energy  in  the  coplanar  conformations  and 
values  of  the  barrier  heights  as  suggested  from 
pertinent  spectroscopic  data. 

Polarizabilities  were  calculated  using  three  meth¬ 
ods,  specifically,  second-order  perturbation  theory 
combined  with  the  formalism  of  CNDO/S  Cl  (Con¬ 
figuration  Interactions)  (17,  18),  an  empirical 
scheme  based  on  the  additivity  of  atomic  hybrid 
components  (19),  and  the  standard  bond  polariza¬ 
bility  method  (20).  Electronic  band  structures,  rel¬ 
evant  to  electrical  conductivity,  were  calculated 
using  the  tight-binding  scheme  based  on  the  ex¬ 
tended  Huckel  theory  (21,  22). 

The  required  structural  information,  in  particular 
bond  lengths  and  bond  angles,  were  generally  ob¬ 
tained  from  X-ray  structural  studies  carried  out  on 
model  compounds  (3). 

CONFORMATIONAL  ENERGIES  AND 

INTERMOLECULAR  INTERACTIONS  FOR 
THE  UNPROTONATED  CHAINS 

Deviations  from  Coplanarity 

In  spite  of  the  rigidity  of  the  PBO  and  PBT  chains, 
there  is  some  conformational  flexibility  in  that  ro- 
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tations  should  be  permitted  (at  least  to  some  extent) 
about  the  p-phenylene  groups  in  each  repeat  unit. 
Such  rotations  0  are  illustrated  in  the  chain  segment 
shown  in  Fig.  2  (2).  The  preparation  of  high- 
strength  materials  consisting  of  rodlike  polymers 
such  as  these  requires  a  high  degree  of  alignment 
of  the  rods.  The  extent  of  intramolecular  rotational 
flexibility  and  thus  deviations  from  planarity  are 
important  in  this  regard,  particularly  in  terms  of 
chain-packing  effects  and  the  solubility  character¬ 
istics  of  the  polymers. 

The  molecular  mechanics  calculations  (2)  on  the 
segment  shown  indicated  that  the  lowest  energy 
conformation  of  cis-  and  trons-PBO  should  corre¬ 
spond  to  ^  »  0  degrees;  this  is  in  agreement  with 
the  planarity  found  for  the  corresponding  model 
compound  in  the  crystalline  state  (23).  Significant 
nonplanarity  is  predicted  for  trans-PBT  with  <t>  es¬ 
timated  to  be  approximately  55  degrees  (2).  The 
nonplanarity  predicted  for  the  PBT,  but  not  for  the 
PBO  polymers,  is  due  to  the  fact  that  the  S  atom 
has  a  much  larger  van  der  Waals  radius  than  the  O 
atom  (—1.85  versus  1.40  A)  (24).  The  pertinent 
experimental  value  of  obtained  from  a  crystalline 
trans-PBT  model  compound,  is  23.2  degrees  (25). 
The  lack  of  quantitative  agreement  between  theo¬ 
retical  and  experimental  results  is  less  significant 
than  the  numerical  differences  in  0  might  suggest. 
First,  the  energy  changes  only  gradually  with  0 
near  the  minimum;  specifically,  the  entire  range  0 
*  25  to  90  degrees  gives  energies  within  0.25 
kilojoules  per  mole  (kj  mol"*)  of  the  minimum 
value,  and  this  indicates  considerable  uncertainty 
in  locating  the  preferred  value  of  0.  Second,  the 
discrepancy  between  theory  and  experiment  could 
be  due  to  intermolecular  forces,  which  could 
strongly  favor  a  more  nearly  planar  conformation 
for  more  efficient  chain  packing.  The  effect  of  in¬ 
cluding  intermolecular  interactions  by  minimizing 
the  total  (intramolecular  and  intermolecular)  en¬ 
ergy  of  a  pair  of  trans-PBT  sequences  (2)  does  shift 
the  predicted  conformation  to  the  range  0  to  25 
degrees,  in  much  better  agreement  with  experi¬ 
ment.  The  vibrational  and  electronic  absorption 
spectra  of  model  compounds  in  the  crystalline  state 
and  in  solution  (26)  are  consistent  with  this  inter¬ 
pretation.  The  situation  is  thus  very  similar  to  that 
of  biphenyl,  for  which  the  dihedral  angle  is  —42 
degrees  in  the  vapor  phase,  —23  degrees  in  the 
melt,  and  —0  degiees  in  the  crystalline  state  (27). 

Another  problem  with  the  intramolecular  molec- 


Fig.  2.  Rotatable  segment  in  PBO  (X  -  O)  and  in  PBT  (X  •  S) 
(2) 
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ular  mechanics  calculations  is  the  fact  that  the  tor¬ 
sional  barrier  chosen  in  these  calculations  may  un¬ 
derestimate  the  true  barrier  to  rotation.  In  the  rigid- 
red  polymer,  the  coplanar  conformation  may  be 
favored  by  long-range  conjugation  effects,  which 
are  absent  in  benzaldehyde,  the  model  compound 
used  for  the  estimate  of  the  barrier.  Some  evidence 
in  support  of  this  possibility  exists  in  that  the  length 
of  this  bridging  bond  in  the  polymers  of  interest  is 
smaller  than  the  lengths  of  corresponding  bonds  in 
analogous  low-molecular-weight  species,  which 
suggests  some  partial  double-bond  character  in 
these  C-C  bonds  (2).  This  suggested  recourse  to 
CNDO  calculations,  the  results  of  which  are  sum- 
m.arized  in  Fig.  3  (27).  In  the  case  of  cis-  and  trans- 
PBO,  very  similar  conformational  energy  profiles 
were  obtained.  In  both  cases,  the  preferred  confor¬ 
mation  corresponds  to  0  »  0  degrees  (coplanarity); 
this  result  is  thus  in  e.xcellent  aoeement  with  the 
molecular  mechanics  results  and  with  experiment. 
The  substantial  barriers  to  rotation  away  from  co¬ 
planarity  imply  that  conjugation  effects  between 
the  aromatic  moieties  (favoring  coplanarity)  domi¬ 
nate  the  steric  repulsions  (disravoring  coplanarity) 
between  the  orthohydrogen  atoms  on  the  phen- 
yisne  group  and  nearby  atoms  within  the  hetero¬ 
cyclic  group.  The  CNDO/2  conformational-energy 
profile  of  the  trons-PBT  model  compound  is  quite 
uiiTerent.  The  preferred  angle  is  ^  »  20  degrees,  in 
good  agreement  with  experiment,  but  the  energy 
barrier  to  coplanarity  is  only  about  2.1  kj  mol"^. 
Beyond  ^  20  degrees,  the  barrier  rises  sharply 

and  monotonically,  yielding  a  maximum  barrier  of 
~23.0  kJ  mol*'  at  ■  90  degrees.  The  barrier  to 
rotation  is  relatively  large  and  should  be  considered 
an  upper  estimate  Because  geometry  optimization 
was  not  available  for  sulfur-containing  molecules 
such  as  ?3T.  The  cis-PBT  chain  is  also  predicted  to 
be  significantly  nonplanar,  but  the  experimental 
results  (25)  indicate  a  deviation  of  only  2.8  to  5.8 
degrees  from  planarity.  Molecules  of  this  type  are 
much  more  complicated  than  the  three  others  in 
that  they  have  considerable  “bowing"  within  the 
repeat  unit,  a  subject  (27)  dealt  with  separately  in 
a  later  section  of  this  review. 

In  the  case  of  the  two  PBO  polymers,  geometry 
optimization  gave  bond  lengths  and  bond  angles  in 
excellent  overall  agreement  with  those  observed 
for  the  model  compounds  in  the  crystalline  state 
(23). 

Chain  Packing  and  Intermolecular  Interactions 

The  specific  goals  in  these  calculations  (28)  were 
elucidation  of  the  nature  of  the  chain  packing,  and 
estimation  of  the  corresponding  densities,  magni¬ 
tudes  of  the  total  interaction  energies,  and  the 
relative  importance  of  van  der  Waals  and  Coulom- 
bic  contributions 

Because  of  the  complexity  of  these  systems,  the 
calculations  were  of  necessity  very  approximate, 
being  based  on  only  a  pair  of  the  chains  of  a  given 
type  in  their  planar  or  nonplanar  conformations. 
The  first  chain  was  one  repeat  unit  long,  with  the 


Fig.  3.  Dependence  of  the  CSDO  conformational  energtf  A£  on 
tlu  torsional  angle  d  for  the  cis-FBO,  trans-PBO  and  trans-PBT 
model  compounds  (27).  For  a  given  compound,  values  of  AE  were 
taken  as  the  difference  m  total  energy  £  between  a  given  confor¬ 
mation  e  and  the  conformation  corresponding  to  the  lowest  cal¬ 
culated  energy. 


second  being  assigned  a  series  of  lengths  in  an 
attempt  to  make  the  interaction  energies  (per  re¬ 
peat  unit)  as  realistic  as  possible  without  making 
the  calculations  impracticable.  In  the  initial  series 
of  calculations  the  chains  were  first  placed  in  par¬ 
allel  arrangements,  one  above  the  otner,  and  then 
one  chain  was  rotated  about  its  axes.  The  rotations 
invariably  increased  the  energy,  and  such  arrange¬ 
ments  were  therefore  not  considered  further.  Thus, 
(he  calculations  to  determine  minimum-energy  ar¬ 
rangements  were  based  primarily  on  two  parallel 
chains  shifted  relative  to  one  another.  In  the  case 
of  the  density  estimates,  there  are  two  specific  sets 
of  calculations  which  are  relevant,  one  for  a  pair  of 
chains  above  one  another  u  the  other  for  a 
pair  alongside  one  another  uu  . 

The  results  (28)  show  that  for  pairs  of  chains 
above  one  another  the  chains  are  out  of  register  by 
3.0  A  in  the  case  of  the  two  PBO  polymers  (which 
would  place  a  phenylene  group  of  the  upper  chain 
over  the  bond  bridging  the  two  ring  systems  of  the 
repeat  unit  of  the  lower  chain)  and  by  1.5  A  in  the 
case  of  the  trans-PBT.  These  are  rather  approximate 
results,  in  part  because  of  the  large  number  of 
energy  minima  occurring  as  the  chains  are  slid  by 
one  another.  The  latter  displacement  was  predicted 
to  be  smaller  than  the  former  because  of  the  large 
size  of  a  sulfur  atom  relative  to  oxygen  and  the 
much  more  irregular  cross  section  of  the  nonplanar 
PBT  molecule.  These  results  are  in  at  least  qualita¬ 
tive  agreement  with  the  results  of  X-ray  structural 
studies.  The  experimental  values  of  these  axial  shifts 
were  found  to  be  approximately  4.5  A  in  the  case 
of  model  compounds  for  all  three  types  of  molecules 
(23,  25).  The  agreement  between  theoretical  and 
experimental  values  could,  of  course,  be  consider¬ 
ably  better  for  the  polymeric  chains,  which  have 
not  yet  been  studied  experimentally  in  this  regard. 
In  the  case  of  the  vertii^  spacings,  the  theoretical 
results  are  in  excellent  agreement  with  the  experi- 
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mental  value  of  —3.5  A  for  all  three  types  of  model 
compounds  (23,  23).  For  the  pairs  of  chains  along¬ 
side  one  another,  the  spacing  is  predicted  to  be 
approximately  6.1  A.  Although  there  are  no  exper¬ 
imental  values  of  this  quantity  available  for  com¬ 
parison,  it  is  important  for  density  estimates  which 
are  discussed  below. 

The  interaction  energies  were  found  to  be  rather 
large,  with  contributions  from  only  a  few  repeat 
units  adding  up  to  values  approaching  typical  bond 
dissociation  energies.  This  suggests  that  the  failure 
mechanism  in  such  materials  might  generally  be 
bond  breakage  rather  than  chain  slippage.  The  at¬ 
tractions  are  somewhat  larger  for  the  trans-PBT 
chain  because  S  atoms  give  rise  to  larger  van  der 
Waal'  attractions  than  do  O  atoms  because  of  their 
much  higher  polarizability.  The  Coulombic  contri¬ 
butions  to  the  total  interaction  energy  were  found 
to  be  very  small,  which  suggests  that  the  dielectric 
constant  of  a  potential  solvent  for  these  (unproton- 
ated)  polymers  should  be  of  no  importance,  and 
thus  in  agreement  with  experiment  (29). 

The  alrave  information  also  permits  estimation  of 
the  densities  of  the  PBO  and  PBT  polymers  in  the 
crystalline  state.  The  two  polymers  were  repre¬ 
sented  as  having  elliptical  cross  sections  with  six 
such  ellipses  closely  packed  around  a  central  el¬ 
lipse.  The  densities  thus  estimated  were  found  to 
be  in  good  agreement  with  the  experimentally  ob¬ 
tained  densities  of  the  model  compounds  (23,  25), 
particularly  in  the  way  they  vary  with  changes  in 
the  structure  of  the  repeat  unit.  The  results  indicate 
that  the  higher  density  for  the  PBT  polymer  is  due 
to  the  higher  atomic  weight  of  S  relative  to  O. 
rather  than  to  more  efficient  chain  packing. 

“Bowing’’  in  the  Cis-PBT  Chains 

Model  compounds  of  the  cis-PBT  polymer  chain, 
as  illustrated  in  Fig.  4  (27),  have  been  shown  to 
assume  a  slightly  bowed  configuration  in  the  crys¬ 
talline  state  (25).  The  bowing  is  a  result  of  the 
planar  thiazole  rings  being  inclined  in  the  same 
Erection  from  the  best  plane  through  the  atoms  of 
the  fused  benzene  ring  by  an  average  of  2.6  de¬ 
grees.  The  bowing  corresponds  to  an  average  incli¬ 
nation  of  4.7  degrees  between  the  bonds  connect¬ 
ing  the  end  phenylene  to  the  benzobisthiazole  and 
the  best  plane  through  the  benzobisthiazole  group. 
If  present  in  polymeric  cis-PBT,  this  bowing  would 
be  expected  to  interfere  with  alignment  of  chains 
and  hence  have  a  deleterious  effect  on  desirable 
properties. 

Of  primary  interest  here  is  a  rough  estimate  of 
the  strain  energy  responsible  for  inducing  this  mol¬ 
ecule  to  ‘how"  out  of  the  planar  conformation,  as 
exists  in  the  frons-PBT  and  cis-  and  frans-PBO 
model  compounds.  To  this  purpose,  the  CNDO/2 
total  energy  of  the  cis-PBT  model  compound  was 
calculated  (27)  and  compared  to  that  of  a  fictitious 
planar  cir-PBT  model  molecule  possessing  essen¬ 
tially  the  same  structural  geometry  (in  terms  of 
bond  angles  and  bond  lengths)  as  the  actual 
"bowed"  molecule.  Values  of  equivalent  bond  an¬ 
gles  and  bond  lengths  in  (rans-PBT  and  cis-PBT 


Fig.  4.  The  cis-PBT  model  compound  with  the  bowing  illustrated 
in  two  dimensions  (27). 

model  compounds  are  observed  to  be  nearly  iden¬ 
tical  in  the  crystalline  state  (25).  The  planar  cis- 
PBT  studied  here  for  comparison  can  therefore  be 
considered  the  direct  analogue  of  trans-PBT,  apart 
from  the  fact  that  the  “cis”  form  apparently  does 
experience  considerable  strain. 

The  results  gave  an  energy  of  —5368  eV  and 
—5308  eV,  respectively,  for  the  "bowed”  and  “flat” 
forms.  This  yields  an  energy  difference  of  —60  eV 
per  molecule  (—5800  kj  mor*)  in  favor  of  the 
"bowed”  form.  These  numbers  should  be  taken  as 
highly  approximate  upper  limits  since  geometry 
optimization  could  not  be  implemented  and 
CNDO/2  energies  involving  second-row  atoms  like 
sulfur  are  typically  less  reliable.  Nevertheless,  these 
results  do  indicate  that  rather  large  energy  de¬ 
creases  are  obtained  by  the  bowing  process.  Appar¬ 
ently,  after  bowing,  the  molecule’s  bond  angles  and 
lengths  “relax”  to  values  experimentally  indistin¬ 
guishable  from  those  of  trons-PBT  (27). 

Chains  Containing  Molecular  Swivels 

Because  of  their  stiffness,  the  PBO  and  PBT 
chains  are  very  nearly  intractable,  being  insoluble 
in  all  but  the  strongest  acids  [even  when  pendant 
groups  are  attached  to  the  chains  (10)1  and  very 
difficult  to  process  into  usable  films  and  fibers  (3, 
10).  These  materials  may  be  made  more  tractable, 
however,  by  the  insertion  of  a  limited  number  of 
atoms  or  groups  chosen  so  as  to  impart  a  controlled 
amount  of  additional  flexibility  to  the  chains.  The 
insertion  of  even  a  small  number  of  flexible  molec¬ 
ular  fragments  or  "swivels”  into  such  chains  will 
increase  their  flexibility  and  tractability  by  allowing 
mutual  rotation  of  adjacent  chain  elements  about 
the  swivels'  rotatable  bonds.  (Such  swivels  also  have 
the  advantage  of  facilitating  the  polymerization).  It 
is  obviously  of  considerable  importance  to  investi¬ 
gate  the  effect  of  the  structure,  number  and  spac¬ 
ing  of  such  swivels  along  the  chain.  For  example, 
two  closely  spaced  swivels  would  decrease  the  ri¬ 
gidity  of  the  chains  but  still  permit  occurrences  of 
nearly  parallel  conformations  conducive  to  the  for¬ 
mation  of  the  desired  molecular  alignment  or  or¬ 
ganization,  as  illustrated  in  Fig.  5  (30). 

In  swivels  of  the  type  Ph-X-Ph-X-Ph,  where  Ph  is 
phenylene  and  X  is  tbe  single  atom  O,  S,  Se,  or  Te, 
the  pairs  of  rotatable  angles  should  be  independent 
to  good  approximation  and  the  problem  therefore 
treated  in  terms  of  two  single  swivels.  The  energy 
maps  obtained  for  these  swivels  from  molecular 
mechanics  (30)  reveal  that  the  sulfur  swivel  has  the 
advantrge  both  in  equilibrium  flexibility  (more  low- 
energy  and  thus  accessible  regions  in  configuration 
space)  and  in  dynamic  flexibility  (lower  barriers 
between  energy  minima).  Also,  the  Ph-S-Ph  swivel 
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fig.  5.  Two  adjacent  oxygen  para-phenylena  swivels  (30). 


has  a  larger  fraction  of  the  conformational  energy 
map  that  is  energetically  accessible.  In  the  case  of 
the  double  swivels  it  is  of  course  important  to 
consider  which  isomeric  linkages  (o,m,p)  have  con¬ 
formations  which  give  nearly  colinear  continuation 
of  the  chain,  or  at  least  parallel  continuation.  The 
oxygen  double  swivels  have  three  isomers  that  pro¬ 
vide  colinearity  (mpm,  pop,  and  mmp),  and  seven 
that  permit  pai^lel  continuation.  The  sulfur  double 
swiveb  have  no  isomers  giving  colinearity  and  again 
seven  giving  parallelism  (30).  In  the  S  case,  the 
absence  of  colinear  isomers  is  related  to  the  values 
of  the  various  bond  angles  within  the  segment. 
Specifically,  the  similarity  between  the  bond  angles 
(12C  degrees)  within  the  aromatic  ring  and  the 
COC  bond  angle  (123  dewees)  in  the  oxygen  swiVel 
increases  the  number  of  nearly  colinear  arrange¬ 
ments.  This  simplifying  circumstance  does  not  oc¬ 
cur  in  the  case  of  the  sulfur  swivels  since  the  CSC 
bond  angle  is  109  degrees. 

A  number  of  somewhat  more  complicated  swivels 
were  also  investigated,  viz.,  — CO — ,  — SO2 — , 

CHj"*,  and  ^"C (CF3) 2""* .  On  the  basis  of  both 
thermal  stability  (31)  and  conformational  flexibility, 
it  seems  that  the  most  promising  swivels  from  this 
expanded  group  are. — O — ,  — S— ,  — C(CF3)2— ,  and 
“CO—  (30). 

As  is  evident  from  Fig.  5  (30).  H  atoms  on  C  atoms 
which  are  a  to  the  swivel  linkage  can  force  the 
swivel  out  of  the  desired  coplanar  conformation.  A 
simple  way  to  reduce  these  offending  H  •  •  •  H  re¬ 
pulsions  would  be  to  eliminate  the  responsible  at¬ 
oms  altogether.  As  an  example,  one  or  both  of  the 
phenylenes  in  the  swivel  could  be  replaced  writh  a 
pyridylene  (Pyr)  group  in  which  the  nitrogen  in  the 
ring  replaces  the  offending  CH  group.  It  is  found 
that  when  even  only  one  of  the  phenylenes  is  thus 
replaced,  as  in  Pyr-O-Ph  and  P)T-S-Ph,  the  repul¬ 
sions  in  the  coplanar  arrangement  are  greatly  re¬ 
duced  and,  in  general,  the  flexibility  of  the  swivel 
increased.  As  e.xpected,  replacement  of  both  of  the 
Ph  groups  increases  both  effects. 

Wholly  aromatic  swivels,  such  as  diphenylene 
and  2.2-dipyridylene,  should  have  the  greatest 
thermal  stability.  They  can  maintain  parallel  contin¬ 
uation  of  the  chain  if  bonded  to  it  either  0,0  or 
m,m:  although  the  p.p  isomer  provides  colinearity, 
it  does  not  of  course  give  the  “kink’  needed  for 
additional  flexibility  Replacement  of  one  or  both 
of  the  phenylenes  by  the  2-pvridylene  group  would 
be  expected  to  relieve  much  of  the  inter-ring 
congestion,  as  already  described,  and  molecular 
mechanics  calculations  givr  results  in  agreement 
with  this  expectation 


Geometry-optimized  CNDO/2  calculations  were 
also  carried  out  on  a  number  of  the  wholly  aromatic 
swivels,  viz.,  biphenyl,  2,2'-bipyridyl,  2-phenyl- 
pyridine,  2,2'-bipyrimidyl,  and  2-phenylpyrimi- 
dine  (32).  In  agreement  with  the  molecular  me¬ 
chanics  calculations  and  with  intuition,  increase  in 
the  number  of  nitrogen  substitutions  generally  de¬ 
creases  the  energy  of  the  coplanar  conformation 
and  increases  the  overall  flexibilitv  of  the  swivel 
(32). 

EFFECTS  OF  PROTONATION 
Polymer  Chains 

Protonation  of  the  rodlike  PRO  and  PBT  chains 
and  their  model  compounds  in  acidic  media  will 
have  significant  effects  on  their  solubility,  solution 
behavior,  geometry,  and  conformational  character¬ 
istics.  In  fact,  only  very  strong  acids  such  as  meth¬ 
ane  sulfonic  acid  and  poiyphosphoric  acid  are  sol¬ 
vents  for  these  materials  (29).  Recent  interest  has 
therefore  focused  on  the  extent,  nature,  and  effects 
of  protonation  in  the  polymers  in  order  to  gain 
insights  into  their  solubility  behavior  and  solution 
properties. 

Freezing  point  depression  measurements  (33)  on 
PRO  and  PBT  model  compounds  have  indicated 
that,  depending  on  the  acidity  of  the  medium,  the 
PRO  model  compound  can  exist  as  a  2H*  ion,  pre¬ 
sumably  with  one  proton  on  each  (highly  basic) 
nitrogen  atom,  or  as  a  4H'^  ion,  presumably  with 
the  other  two  protons  on  the  oxygen  atoms.  The 
PBT  model  compounds  appear  to  have  a  greater 
preference  for  the  smaller  number  of  protons  owing 
to  the  lower  basicity  of  sulfur  atoms  relative  to 
oxygen  atoms.  The  CNDO  method  was  used  to  get 
charge  distributions  for  such  protonated  PRO  and 
PBT  chains,  and  molecular  mechanics  was  then  used 
to  estimate  the  magnitudes  of  the  inter-chain  Cou- 
lombic  repulsions  (28).  It  is  difficult  to  relate  such 
results  quantitatively  to'  the  polymer-solvent  disso¬ 
lution  process,  which  is,  of  course,  controlled  by 
changes  in  free  energy.  They  are  nonetheless  of 
considerable  interest  in  that  they  indicate  that  pro¬ 
tonation  of  the  chains  should  greatly  decrease  the 
intermolecular  attractions,  even  at  the  very  high 
dielectric  constants  characteristics  of  strong,  undi¬ 
luted  acids.  This  conclusion  is  consistent  with  the 
fact  that  only  extraordinarily  strong  acids  are  sol¬ 
vents  for  these  types  of  polymers  (29). 

Geometry-optin-ized  CNDO  calculations  were 
carried  out  to  characterize  the  effects  of  protona¬ 
tion  on  the  conformations  of  the  PRO  chain  (34). 
For  all  three  forms,  the  unprotonated  chain  and  the 
2H'“  and  4H*  ions  of  the  cis-PBO  model  compound, 
the  preferred  conformation  corresponds  to  rotation 
angle  0*0  degrees,  the  coplanar  form.  As  in¬ 
creases,  the  energy  barrier  increases  monotoni- 
tally:  the  maximum  barrier  is  located  at  w  90 
degrees  with  an  energy  A£  of  -8.4,  33.6,  and  84.0 
k)  mol”'  above  that  of  the  coplanar  fonn  for  the 
unprotonated  form,  the  2H*  ion,  and  the  4H*  ion. 
respectively.  These  results  are  somewhat  surprising 
ill  that  steric  arguments  would  suggest  that  repul- 
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sions  between  the  orthohydrogens  on  the  phenyU 
encs  and  the  acidic  protons  on  me  benzoxazole  ring 
should  render  the  coplanar  conformations  less  pre¬ 
ferred  than  other  orientations,  and  certainly  less 
preferred  than  the  coplanar  form  for  the  unproton- 
ated  case.  Inspection  of  the  geometry-optimized 
structures  of  the  three  species  in  the  coplanar  form 
shows  that  the  rotatable  bond  is  seen  to  decrease 
in  length  with  increased  protonation.  Specifically, 
the  bond  lengths  are  —1.45,  1.42,  and  1.38  A  for 
the  unprotonated  form  and  the  2H'*'  and  4H*  ions, 
respectively.  Such  contractions  are  typically  indic¬ 
ative  of  strengthening  of  the  bond,  in  this  case  the 
result  of  enhanced  conjugation  (favoring  coplanar¬ 
ity)  between  the  phenylene  rings  and  the  aromatic 
heterocyclic  group.  This  increased  stabilization  of 
the  coplanar  forms  appears  to  more  than  offset  the 
repulsive  effects  of  steric  interferences. 

These  conclusions  are  corroborated  by  construc¬ 
tion  of  resonance  structures  for  the  three  species, 
which  indicate  signiBcant  contributions  from  reso¬ 
nance  structures  wherein  the  rotatable  bond  as¬ 
sumes  a  double  bond  in  the  case  of  the  protonated 
forms  (34).  Additional  evidence  for  the  contribu¬ 
tions  of  resonance  structures  upon  protonation  is 
noted  in  the  slight  shortening  (and  thus  strengthen¬ 
ing)  of  phenylene  C-C  bonds  parallel  to  the  back¬ 
bone  and  the  lengthening  (and  weakening)  of  those 
bonds  more  nearly  perpendicular  to  it.  Finally, 
changes  in  the  UV-visible  and  Raman  spectra  upon 
protonation  (35)  are  consistent  with  this  described 
increase  in  conjugation. 

Additional  geometry-optimized  CNDO/2  calcu¬ 
lations  (36)  were  cariried  out  to  predict  the  order 
of  protonation  within  the  cis-PBO  model  com¬ 
pound.  The  results  indicate  that  protonation  occurs 
in  the  order  N,  N,  O,  O,  which  is  consistent  with 
the  greater  basicity  of  nitrogen  relative  to  oxygen. 
Thus,  repulsive  Cou^ombic  effects  between  the 
acidic  protons  have  only  a  negligible  influence  on 
the  precise  sequence  of  protonation. 

Molecular  Swivels  \ 

It  is  likely,  and  indeed  desirable  in  order  to  pro¬ 
mote  solubility,  that  the  nitrogen-containing  swiv¬ 
els  be  protonated  in  the  strong  adds  in  which  the 
PRO  and  PBT  chains  are  soluble.  CNDO  calcula¬ 
tions  (32),  for  example,  on  2,2'-bipyridyl  showed 
that  mono-  and  di-protonation  had  large  effects  on 
its  conformational  characteristics.  While  the  parent 
molecule  and  the  diprotonated  species  both  prefer 
trans-  over  the  cis-coplanar  conformation,  just  the 
opposite  is  true  for  the  mono-protonated  case. 
Hence,  the  coplanar  conformation  preferred  by  the 
species  will  be  a  function  of  the  acidity  of  the 
medium,  with  trans  preferred  in  neutral  media  fol¬ 
lowed  by  a  preference  for  cii  (mono-protonated) 
and  then  back  to  trans  (di-protonated)  with  increas¬ 
ing  acidity.  The  results  suggest  the  presence  of 
hydrogen  bonding  for  the  mono-protonated  bipyr- 
idyl  in  the  cis-coplanar  conformation,  as  evidenced 
by  the  strong  preference  for  this  conformation  and 
by  the  bending  of  the  exo-ring  angles  about  the 
swivel  atom  in  order  to  shorten  the  interatomic 


distances  to  reasonable  values  for  the  N---H*-N 
hydrogen  bond.  The  species  2,2'-bipyridyl-H30* 
and  2,2'-bipyrimidyl-2H20  were  also  studied  in 
this  manner,  each  in  two  initial  configurations,  one 
with  an  O-H  bond  pointing  to  each  N  atom  and  the 
other  with  an  O-H  bond  normal  to  the  swivel  bond. 
For  each  species,  the  former  configuration  is  the 
preferred  one. 

POLARIZABILITIES 

The  polarizabilities  of  the  PBO  and  PBT  chains 
are  of  considerable  importance  since  they  are 
needed  for  the  interpretation  of  solution  property 
studies  such  as  flow  birefringence  measurements 
(37,  38).  Experimental  studies  of  this  type  were 
carried  out  to  obtain  rheological  time  constants  and 
orientation  parameters  relevant  to  the  processing 
of  these  materials. 

The  perturbation-CNDO  method  gave  values  of 
the  average  polarizability  that  were  unrealistically 
small  (39,  40),  but  the  atomic  additivity  (19)  and 
bond  additivity  (20)  schemes  gave  more  realistic 
results,  in  good  agreement  with  each  other.  The 
PBT  chain  is  predicted  to  have  a  larger  value  of  the 
average  polarizabiUty  than  the  PBO  chain,  since  the 
C-S  bond  is  much  more  polarizable  than  the  C-O 
one.  The  calculated  results  were  used  to  estimate 
values  of  the  anisotropic  ratio  6  directly  applicable 
to  the  interpretation  of  flow  birefringence  data. 

ELECTRICAL  CONDUCTIVITY 

Of  interest  here  is  the  fact  that  the  same  struc¬ 
tural  features  that  give  the  desired  rigidity  in  PBO 
and  PBT  chains  also  give  extensive  charge  delocal¬ 
ization  and  resonance  stabilization.  Such  character¬ 
istics  could  be  conducive  to  electrical  conductivity, 
a  topic  of  much  current  interest  in  polymer  science 
(41).  The  present  goal  was  therefore  to  carry  out 
preliminary  calculations  of  electronic  band  gaps  in 
order  to  determine  whether  any  of  these  molecules 
show  promise  of  being  semi-conducting  either  un¬ 
doped  or  as  modiRed  by  a  suitable  dopant. 

For  cia-PBO,  frons-PBO.  and  frans-PBT  chains  in 
their  coplanar  conformations,  the  band  gaps  in  the 
axial  direction  were  found  to  be  1.72,  1.62,  and 
1.73  eV,  respectively  (42).  Since  trons-PBT  is  non- 
planar,  calculations  on  it  were  also  carried  out  as  a 
mnetion  of  its  rotation  angle  0,  the  results  being 
given  in  Fig.  6.  The  band  gap  was  found  to  increase 
markedly  with  increase  in  nonplanarity,  as  would 
be  expected  from  the  decrease  in  charge  delocali¬ 
zation.  The  calculations  suggest  the  most  likely 
value  of  0  to  be  —30  degrees,  in  good  agreement 
with  the  experimental  value  of  23  degrees  obtained 
by  X-ray  analysis  of  a  crystalline  trtnu-PBT  model 
compound  (25).  At  this  value  of  0,  the  calculated 
value  of  the  band  gap  is  1.98  eV.  No  discernible 
dispersion  of  the  energy  bands  perpendicular  to  the 
chains  is  observed  (43),  indicating  that  the  neigh¬ 
boring  chains  are  electronically  non-interactive,  as 
was  found  earlier  for  (rans-polyacetylene  and  poly¬ 
ethylene  (44).  All  of  these  values  of  the  axial  band 
gaps  in  PBO  and  PBT  are  very  close  to  the  corre- 
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fig.  6.  The  dependence  of  the  trane-PBT  electronic  band  gap  on 
the  rotational  angle  4. 

spending  values  of  1.4  to  1.8  eV  reported  for  trans- 
polyacetylene  (41),  a  much  studi^  polymer  with 
regard  to  electrical  applications;  this  should- en¬ 
courage  further  theoretical  and  e.’rperimental  inves- 
tigprions  of  their  electronic  properties. 

SOME  STUDIES  ON  STRUCTURALLY 
RELATED  MOLECULES 

Since  the  PBO  and  PBT  polymers  are  so  intrac¬ 
table.  some  theoretical  and  experimental  investi¬ 
gations  were  also  carried  out  on  more  tractable 
random-coil  polvmers,  such  as  the  polyformals  (45, 
46)  [CHj0(CH2)^0-1  and  polysulftdes  (47-51) 
[(CHj/^-l  in  order  to  obtain  more  insight  into  the 
properties  of  the  stmcturally  related  rigid-rod  pol¬ 
ymers.  Also,  similar  calculations  were  frequently 
carried  out  on  relatively  small  molecules  having 
structural  features  in  common  with  the  PBO  and 
PBT  polymers,  speciBcally  2-(4-morpholino)ben- 
zothiazole  (52),  and  several  antifolate  enzyme  in¬ 
hibitors  (53,  54). 
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Particle  Sizes  of  Reinforcing  Silica  Precipitated  into 
Elastomeric  Networks 


Inherently  weak  elastomers  are  generally  reinforced  by  blending  particulate  fillers  into  the 
elastomeric  pc^lymer  prior  to  its  being  cured  into  a  network  structure.'*''  A  specific,  and  very 
imt>ortant,  example  is  the  mixing  of  high-surface  silica  (SiO-..*  of  a  few  hundred  A  diameter 
into  polyidimethylsiloxanei  PDMS  [ — SiiCH^uC) — )  >  *J*i*->‘  One  disadvantage  of  this  standard 
approach,  however,  is  the  invariable  coalescence  of  the  filler  particles  into  large  aggregates 
in  an  essentially  uncontrolled  and  poorly  understood  manner."  The  nature  and  extent  of  such 
aggregation  obviously  would  have  a  large  effect  on  the  mechanical  properties  of  the  elastomer 
thus  reinforced. 

It  has  recently  been  demonstrated'^  that  it  is  possible  to  prepare  very  tough  elastomers  by 
swelling  PDMS  networks  with  tetraethyl  orthosilicate  (TEOSi  [<Ci.H<0)4Si].  which  is  then 
hydrolyzed  in  situ.  It  was  proposed'*  that  the  hydrolysis  of  the  TEOS  gives  silica  particles 
which  provide  the  desired  reinforcement.  The  present  investigation  tests  these  ideas  by  means 
of  transmission  electron  micrographs  obtained  on  thin  slices  of  PDMS  ela.stomers  thus  pre¬ 
pared.  The  main  goals  are  to  find  evidence  for  such  filler  particles  and.  if  present,  to  estimate 
their  sizes  and  size  distribution  Since  any  such  particles  would  b€*  formed  within  a  polymer 
matrix  which  should  impede  their  coalescence  into  undesired  aggregates,  the  degree  of  dis- 
per.‘iion  of  the  filler  particles  is  also  of  considerable  interest. 

EXPERIMENTAL 

The  network  was  prepared  from  vinyl-termmated  PDMS  chains  having  number-average 
molecular  weights  corresponding  to  10  ss  13.(t  g  •  mol  •  v  They  were  leirnfunctionaily  end- 
iinked  with  SilOSuCH.^H'],  in  the  usual  manner.''  and  the  resulting  network  was  extracted 
with  tetrahydrofuran  and  then  toluene  for  several  days  to  remove  soluble  material  'found  to 
be  present  to  the  extent  of  a  few  percent  Strips  cut  from  the  network  sheet  were  then  dried, 
ana  one  was  set  aside  as  a  reference  material  K'  wt  fc  silica^ 

Tne  other  network  strips  were  swelled  with  TEOS  to  the  maximum  extent  atumabie.  whicf 
corresponded  to  a  volume  fraction  of  polymer  of  approximately  0.26.  Several  strips  were  placed 
into  an  aqueous  solution  containing  2^  by  weight  of  ethymminv.  and  the  hydrolysis  of  the 
TEOS  was  permitted  to  occur  at  room  temperature  for  1.5  h  The  weight  of  the  dried  strips 
indicated  tnat  34,4^c  by  weight  of  filler  had  been  incorporated  in  this  manner. 

Thin  films  having  a  thickness  the  order  of  IP'  A  were  microiomed  from  both  the  filled  and 
unfilled  samples  using  the  following  technique  A  piece  of  network  approximately  1*1' 

4  mm  was  inserted  into  the  water-filled  cylindrical  opK*ning  m  a  copper  mount,  and  was  tnen 
•''.'/cn  into  place  The  entire  assembly  was  cooled  to  approximately  —126*0  w'jth  vapor  from 
a  container  of  liquid  nitrogen,  and  was  then  inserted  into  a  similarly  cooled  Forter-Blum  MT- 
2  l.'ltramicrotome  equipped  with  a  diamond  knife.  Thin  slice.'  obtained  in  this  way  were 
collected  on  copper  griot.  and  examined  m  transmission  using  an  RCA  3-G  Electron  Microscope 
witn  aoubie  condensor  and  high  magnification  poie  piece. 

RESULTS  AND  DISCUSSION 

The  electron  micrographs  obtained  for  the  filled  PDMS  network  at  magnifications  of  52. HOC' 
•  and  lib. 800  '  are  shown  in  Figures  1  and  2.  respectively  For  purposes  of  comparison,  the 
corresponding  lessentially  featureless'  micrograph  for  the  unfilled  network  at  118.800  i.'= 

.snown  in  Figure  3  The  existence  of  filler  particles  in  the  first  network,  originally  hypothesized 
on  the  basis  of  mechanical  properties,  is  clearly  confirmed.  The  particles  have  average  di¬ 
ameters  of  approximately  250  A,  which  is  in  the  range  of  particle  sizes  of  fillers'"  typically 
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infnxiuced  into  polymers  in  the  usual  blending  techniques.  The  distribution  ot  sizes  is  relatively 
narrow,  with  most  values  of  the  diameter  falling  in  the  range  200-300  A. 

Most  strikingly,  there  is  virtually  none  of  the  aggregation  of  panicles  essentially  invariably 
present  in  the  usual  types  of  filled  eiastomers.  These  materials  should  therefore  be  extremely 
useful  in  characterizing  the  effects  of  aggregation,  and  could  be  of  considerable  practical 
imt>ortance  as  well 

It  is  a  pleasure  to  acknowledge  the  financial  supoon  provided  by  the  National  Science 
Foundation  through  Grant  DMR  70-18903-03  (Polymers  Program.  Division  of  Materials  Re¬ 
search-  and  by  tne  Air  Force  of  Scientific  Research  through  Grant  AFOSR  83-0027  iChemical 
Structures  Program.  Division  of  Chemical  Sciences'.  M  -Y  T.  and  C.-Y.  J  also  wish  to  thank 
tne  Dow  Corning  Corp  for  the  Research  Fellowships  they  received 


Fig  1  Transmission  electron  micrograph  at  a  magnification  of  2G.4(X)  \  for  the  PDM'^ 
network  contamirig  34.4  w't  fr  filler.  The  length  of  the  bar  in  each  figure  corresponas  to  KKX) 
A 


Fig  2  Micrograph  for  the  same  filled  network  at  59.400  x. 
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Abstract — Dielecinc  constant  measurements  were  earned  out  on  polytdimcthvlsiloxane)  iPDMSl  linear 
chains  CH,-(SiiCH,i.O],-SiiCHi)i  and  cycncs ^-^SuCFiTMaj?  for  x  rr  10.  15  and  1*0.  m  cvcionexanc  and 
m  nenzene  at  30  C.  Mean-square  dipole  moments  s  p' '  were  calculated  from  these  data,  usiny  the  method 
of  DePvc  The  values  thus  oniained  for  the  linear  chains  are  consistent  with  results  previously  reported 
for  short,  linear  PDMS  cnains  in  the  undiluted  state.  Discernible  differences  among  Ihe  values  m  the  two 
solvents  and  undiluted  state  are  maniiestations  of  the  "spcatic  solvent  ctfect"  known  to  be  important  in 
ionitcr  linear  crtains  the  networks  of  PDMS.  The  cyciics  were  found  to  have  dipole  moments  very  similar 
to  those  of  the  corresponding  linear  chains.  The  cvciics  also  showed  a  speeme  solvent  ctfect.  in  the  same 
direction  as  shown  nv  the  linear  moiccuies. 


ISTRIint  CTK)^ 

The  chain  mstiecuies  which  have  been  most  exten¬ 
sively  studied  with  regard  to  confomation-dependent 
properties  are  those  of  poividimeinyisiioxanei 
(PDMSi.  Experimeniai  investigations  have  focused 
on  tneir  random-coil  dimensions  (1].  dipole  moments 
'2— 1).  network  thermoeiasticity  [1.5j.  stress-optical 
coetficients  ib.  "|.  and  rtnc-chain  cychzation  constants 
[8.  d].  Theoretical  studies  carried  out  to  interpret,  and 
even  predict,  suen  properties  are  Pased  on  the  well- 
known  rotational  isomeric  state  theory  (Ij.  and  have 
been  notanlv  successful  in  this  regard  Unusual  fea¬ 
tures  of  these  Chain  moiecuies  vvnich  make  them 
attractive  to  both  experimentalists  and  theorists  are 
tneir  tractibiiity  and  hign-tem'peraiure  stability 
[10.  11).  semi-inorganic  nature  (12',.  marked  polarity 
[1.2— ij.  unusual  equation  of  state  parameters  [13]. 
annormal  entropies  of  dilution  and  excess  volumes 
[14],  extraordinary  flexibility  and  permeability 
[10.  11.  !5i.  and  (because  of  unequal  skeletal  bond 
ancles  I  a  low-energy  coniormation  that  approximates 
a  Closed  polygon  1 1 . 21  Another  interesting  leature  is 
tne  existence  oi  cvciicsMSiiCH, 1:017  covenng  a  wide 
range  in  decree  of  noivmenzation  x  (S.  9.  Ibl.  as  well 
as  the  unusual  linear  cnains  CH.-[SilCH,.i.Oj,- 
Si.CH,,. 

The  present  investigation  is  concerned  with  the 
determination  of  expenmental  values  of  the  mean- 
square  dipoic  moment  .yi'  ol  PDMS  linear  chains 


and  cvclics  having  ,v  :=  10.  15  and  '0  The  required 
dielectric  constant  measurements  are  earned  out  in 
solution,  in  both  cyclohexane  and  benzene.  Com¬ 
parisons  with  previous  results  [2. 3]  obtained  on 
short,  linear  PD.MS  chains  in  the  undiluted  state  are 
used  to  document  the  dependence  of  ■,.q- '  on  solvent 
medium.  .Also  of  interest  are  possible  differences  in 
■.q- '  between  linear  cnains  and  cyclics  having  essen¬ 
tially  the  same  degree  of  polymerization  [lb]. 

E-XPF.RIMKNTAL 

Tnree  PDMS  linear  poivmers  iLU  L2.  L3l  and  three 
CVCIICS  iCU  C2.  C3i  were  gencrousiv  provided  by  Prolessor 
J.  A.  Semiyen  The  inumoer-averagei  number  n  of  Si— O 
and  O— 5i  skeletal  bonds  and  poivaispersiiv  indices  are 
given  in  the  second  and  third  columns  of  Table  1. 

.At  least  four  solutions  of  each  of  the  samples  were 
prepareo  in  noth  cvcionexanc  and  benzene,  with  ihe  weight 
fraciion  w  ol  poivmer  ranging  irom  0,1)035  lo  0.03P.  Specihc 
volumes  r  of  the  solutions  were  then  determined  by  diiato- 
metrv,  indices  of  reflection  n  by  dilTcrcniiai  retractomeiry, 
and  dieiectnc  constants  c  with  the  usual  capacitance  bnoge 
and  a  miniature  Ihree-lcrminai  cell  (IT]-  .All  measurements 
pertain  to  30 

RESULTS  A.NO  DISCUSSION 

\'alues  of  the  concentration  dependence  of  the 
quantities  of  tniercst  were  expressed  as  di'  dic. 
dsTc  Ow.  and  dAff/dw.  where  Ac  =  u  —  c,)  is  the 


Tahic  1  Ext>«nmcnul  ilau  and  results  for  the  PDMS  linear  chains  and  cvciics  in  cyclohexane  at 
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ditlcrcncc  bcluecn  the  dick-ctnc  consl^nls  of  the 
si'iviiKin  and  soivcni,  and  A/i  ser\es  the  same  purpose 
lor  the  index  ol  relraction.  The  results  tor  the  solu¬ 
tions  in  sxs'lohexane  are  given  in  rolumns  four  to  six 
of  Table  1.  and  for  the  solutions  in  ben/ene  in 
1-  0X0  to  four  of  Table  2.  Mean-square  dipole 
.no, ..eiiis  were  ealeulated  from  the  Debye  equation 

,ir  '  =(4kT  4::.Vl(/>„)';  ill 

XX  here  s  is  the  Bolt/mann  constant.  T  -  .'(l.'.dk  is  the 
soiiiie  temperature.  N  is  .-Xxogradro's  number,  and 
I /',  1  Is  me  nu'iar  orientation  polari/ation  at  intinile 
diiutu'i'.  Tne  latter  is  given  by 

(/',  r  =  r.  -  R'-  -  }\  idi 

xxnere  /'  is  the  total  molar  polari/ation  x'l  the  solute 
.iik;  A'  IS  Its  nunar  retraction,  bt'th  at  iniinite  dun- 
tum  The  x.ilues  x'l  R'-  and  Af'-  uere  ontained  irom  '  IS] 

/'  -  [h  -  111.  -  Zl]  |.\/idr  da  -  I  ■  ll 

-  |.'.\/!  .  [li.  -  2l']  (d.  dll  1  I  ') 
A'  ■  -  (I  r-  -  1  1  o."  -  2  i]  [.\/ldi  dll  -  I  l] 

—  [('.fft'i  ( e ■  ^  2 1  ]  id'i  xiii  I  ' 

xxnen  \!  i-  the  molecular  xx eight  of  the  solute  Tne 
.itomi^  poiariealu'n  l\  xxas  calculated  irom 

/’.,  =  ".s ;  -  .s  t'(i\  '  ■ 

to'!'  sxmmetris  chains  such,  a-  "DMS  a:  .inx  ieng'.r. 
14  ! xij,  me  mean-square  dipole  moment  i.'  is  loen- 
’0.1  to  me  xalue  i.  ■  lor  the  cnain  xxher.  ui-- 
per'.urned  nx  excluded  xiilume  interactions  [;.  2iil  It' 
ratio  to  tne  numrcr  r:  ol  ipolari  skeletal  bx'nqs  jnd 
me  square  oi  tne  S:  — t)  bond  moment  m  is  tniis  euua. 
to  tne  mucn-used  liipmt  nmincn:  rjiin  u  n»r  jd] 
lilies  o!  me  ratio  calouiaied  using  the  knoxxn  rcsul' 
'1  owi/i  '2,  V  are  gixen  in  me  Imal  columns  ,o 
T.mies  ;  and  2  e  estimate  the  uncertainty  in  tnese 
X , lines  n  .  pe  approx  1 H", 

f  or  linear  PDMS  chains  has  ing  r.  ^  21'.  the  exper.- 
nientat  xalue  ot  the  dipole  moment  ratio  ii,  tne 

i.ridauUM  state  .is  sihtained  Irom  tne  trnsager  mettiod 
)  approx  0  >4  'fj  me  meoretical.  rotational  isomeric 
sl.ite  xaiue  is  c  2'  [,t;  .\i  r.  =  140.  onix  the  theoretical 
xalue  '  I  24  f.sj,  is  axaiiable  Tne  present  results  are 
tnus  seen  to  ne  consistent  xxnh  prexious  expermieniai 
and  meoretical  results  on  snx'rt.  linear  PDMS  cnaiiis 
Trie  dilierences  Peixxeen  trie  results  in  cxch'hexaiie.  in 
pen/erie.  aru:  in  trie  uridiiuteo  stale  ars-  mx'si  iiKelx  a 
m.inilestalum  ol  .i  '  specilic  solvent  eflect".  :  c 

segmeni  solxerf  interactions  xxhich  presumabix 
cn.iiige  conlormation.il  sequences  along  the  chain 
Packbone  Such  an  elieci  ol  the  medium  on 


conlorniatix'ii-xleperuleiil  propx-iiie-  o'  PDMS  i... 
prexiousix  been  demorisiraletl  loi  dii'ieii'  i 'lo  |ii  .uiO 
dipole  nu'Hienls  ||xi|  ol  h'lig  lirie.ii  cinuiis.  .ind  eiou 
gallon  moduli  ol  elastomeric  netxxorks  |2I| 

The  results  obtained  on  the  cxclics  indicate  m.o 
they  have  values  ol  the  dipole  irioiiienl  ratio  xerx 
similar  to  those  of  the  corresponding  linear  cti.niis  \i 
least  for  the  range  of  rr  inxestigated.  the  dipole 
moment  thus  seems  less  generally  uselul  tii.iii  oiner 
properties  |I61  which  have  been  used  to  characteri/e 
diHercnccs  between  PDMS  linear  chains  and  cxclics 
I'lnally.  it  is  inleresling  to  note  th.it  tne  cyches  also 
showed  a  specific  solvent  elTect.  in  the  s.iiiie  direction 
as  that  shown  by  the  linc.ir  ch.iins 

recent  study  |22]  covering  a  wider  range  in  n  has 
concluded  that  lor  /;  2;  1(1.  the  dipole  moments  oi 
cyclic  and  linear  I’DMS  ch.iins  are  identical  within 
experimental  error,  and  that  both  cyclics  and  iine.ir 
chains  exhibit  a  spccilic  solvent  elVecl  This  studx  tiuis 
coniirms  the  two  niaior  cx'nclusions  reached  in  the 
present  investig.ition 
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SHORT  COMMUNICATION 

The  effect  of  relative  humidity  on  the  hydrolytic  precipitation  of  silica  into 
an  elastomeric  network 

Y  iunu  and  J.  E,  Mark 

[  *i-p.irTn!en:  o'  Cncmutn.  and  tnc  J’oivmcr  Research  Center,  The  Un>versir\'  of  Cincinnau.  C»ncjnnaij,  Oh)0.  USA 

An  u'oras  Fihcd  customers,  stiica  filler,  insiiu  reinlorcemeni,  polvfdimcihvlsiioxanej. 


i-  na-  Dffn  shown  f..2'  tha:  it  is  possibie  to  fil! 
a:rc,'..ts  curt'C  networKS  o:  noiN'idimetnvisiloxane' 
rr^MS  -  ?;  CHi'i-O— '  o\  swelling  tnem  with 
letraetns  lortnoMncate  ,TEOS  ISn which 
:  -  tiler,  nvcrcuvt'ec  in  an  aaueous  solution  ot  acid,  base, 
'•  sa;;  a'  cataivst,  Tne  silica  precipitated  irsitu  in  this 
w  as  consists  o:  oarucies  aoproximateis'  2C2  A  in  diam- 
•cter,  accc'tding  tc'  electron  microscopi.’  measurements 
2  .  a.nt;  tr'  es  a  .suDsiantiai  improvement  in  tne  uitim:- 
a;-.  p'ooertie'  anc  tciucnness  ot  tne  eia.stomeric  net- 
swtr.,'.  tnuv  treatec  "...'-5'  Tne  present  investigation 
i.'-tise'.  or  tne  ‘>irr.p.iticatior  or  tnis  tecnniaue  P\'  car¬ 
's  ;r,_  ii  out  V.  ;t.'.  Tr  0.''-sw.  L'lier,  PDMS  netw-orns 
v":p  1  expo'-eu  to  ai'  a;  sariou.*-  \  aiues  o:  tne  relative 


Ejcperimental  details 

Tne  PD.V.S  sample  empioved  consisted  of  hvdroxs'i-teiminated 
cnains  navinp  a  numner-averape  moiecuiar  s/cipnt  of  S.C  x  1C'  p 
mo!"  ',  ana  ss-as  penerousiy  provided  Dv  tne  Dow  Corninp  Corpo¬ 
ration.  Tne  chains  were  tetraainctionaliv  end  imked  with  TEOS  ir, 
tne  undiiuiea  sute.  m  tne  usua;  manner  I6j.  Tne  resuitinp  network 
sneets,  which  were  approximateiv  1  mm  thick,  were  extraaec  a: 
room  temperature  usinp  tetranvarofuran  for  tnree  oavs  followed 
pv  toiuene  tor  tnree  oavs,  Soi  tractions  amountea  to  a  tew  wt  '-r. 
Test  strips  cut  rrom  tne  sneets  were  approximatelv  3  mm  wiae  and 
3C  mm  lonp. 

Tne  extractec  test  strips  were  w’eiphed  and  then  placed  into 
TEOS  unti.  swollen  to  eQuiiipriurr,  iwnich  corresponoec  tc  a 
volume  traction  o;  poivmer  o:  approximatelv  C.26 Eacn  strip  wa.s 
men  piaceo  or.  a  po.  ous  suppor.  and  insened  into  one  of  four  con¬ 
tainers  in  whicn  tne  relative  numiDip-  was  mamuined  at  values  of 
2!  -r  .amhien:  conditions;,  5.' H.  ~i-z.  or  ICD-t.  Tne  TEOk  was 
permittee,  to  react  wnn  tne  moisture  tnus  proviaed  tor  tne  inters’aj' 


.  •  mr  insiit.  t.iiec  ne-worK.i 


f  .i 

K  !-,i  ;■  . 

Vf  -;  : 

■  V  • 

ICT,. 

s'T 

Jv 

rror..  ( 

a. 

-N  mrr  ’  * 

/  mrr.'  ’ 

;  ' 

-- 

■>  C.C. 

U4S 

'.■.r  r  i  - 

is  (. 

3.bb 

;  2  r  ::  2  ^ 

1  c 

1 .8*^ 

C  Se 

-> 

3.1b 

1.6S 

1'  In  3' 

-- 

-- 

-- 

-- 

1.2  •  -> 

— 

— 

,  2  •  ' 

-- 

-- 

;; 

_ 

- 

_  - 

__ 

-- 

c  '..h 

-- 

-- 

-- 

-- 

N  rnn-' 


o’ 


iuir'C  ATu.:  T^f 


(*v  i*u  r^^oapiiuiiim  c’  si.u^  mt--  w.  i  firrij  >>ri 


i 

I 

-i 


Fi.:.  '.  TV;;'  rc’jucec  stress  s'nowr.  as  a  luncuor.  (':  rccioroca;  cioni:.i* 
tier,  lor  l^'^'lca.  ner^’or^.s  treatec  a:  r.'*:  relative  numioir. .  itie 
res'Jits  per^air.  ic  25  *C.  anc:  eacn  cj'^  e  ts  iaDc..eJ  u-::.-:  ::t;‘  reactior 
lime  ir,  nr.-..  Tne  vertiCa;  casnec  itnes  loaate  tne  rupture  points  ot  tnr 
ne*^s'orK? 


o;  TEOS  hvdroivsis.  It  is  imponan;  u>  note  trial  o:i'\ 
ver\-  small  amtiunts  tit  silica  arc  prccipitatcc;  under 
ambient  conditions,  even  with  these  verv  iarpe 
excesses  of  TEOS.  This  indicates  that  the  amounts  o! 
silica  which  mav  be  unmtentionaliv  termed  i4j  tTOfii 
the  TEOS  wideK'  used  in  PDMS  enddinking  cures 
mu.st  be  necligiblv  small,  It  is  ,i!so  possible  to  use  the 
densities  ot  the  filled  networks,  uniilied  nenvork.  and 
silica  (~2.6  g  cm'-')  [11]  to  estimate  the  wt  silica 
introduced.  These  values  are  given  in  column  .4  ot  the 
uble.  Tnere  is  reasonablv  good  agreement,  but  as 
oPserved  ei.sewhere  [4],  such  values  ot  the  wt  silica 
can  be  sicniticanriv  less  than  those  obtained  directis' 
from  the  changes  in  nerw’ork  weight,  ind. eating  that 
not  all  ot  the  hvdroivzed  TEOS  is  cons  erted  all  the 
wav  to  pure  silica. 

Tne  stress-.stram  results  obtained  were  first  repre¬ 
sented  in  terms  ot  the  aenenacnce  of  the  modulus  on 
reciprocal  elongation  III.  12],  Tne  isotherms  thus 
obtained  are  shown  in  tigure  I.  The  insiru  filled  net¬ 
's  orKS  are  seen  to  have  elongation  moduli  which  are 
muen  larger  than  tnai  o:  tne  unnlied  network.  In  addi¬ 
tion.  the  upturns  in  1  obsen.'ed  at  higher  eiongation.s 
cieariv  demonstrate  [131  tne  desired  reinforcing  ehect. 
increase  in  filler  content  would  be  expected  to  decrease 
tne  elongation  c.  a;  rupture,  and  this  is  confirmed  Py 
tin-  resu.'t.s  snown  in  cciiumn  six  o:  tne  table. 


o:  um?  spt’Cifiec  in  coiurnr.  o*  labic  1  Tne  simpic:  were  tnet: 
dnec  unae'  vacuurr..  anc  rewei'jnec  ic  consuin:  wciL’n:  u>  oetc'- 
r'.inv  tne  sLiiCa  inti  ocuceu.  O'jpiiiaii-  or  tnpiicatc  Qcicrrr.ir..-’- 
tionc  v-Tre  maai*  in  mos:  case;.. 

\'a;ues  o;  tne  censiPf  o’  one  senes  o:  ncro.-orK.'^  were  measurec 
p''  pv;.'nome:rv;  tne  results  are  ';:?ven  ir.  coiuxn  inree  o:  tne  tahi: 
^:".■s‘•-s:^al^.  cata  in  eioncatior  were  men  optamec  lor  me*;'.'  same 
sampie.s  a:  25  ‘’C.  in  tne  usua,  manne-  jc-S'..  Tne  nominal  stress  if 
Of  optainen  was  irtven  pv  ^  A*  w-nere  i  is  tne  eouiiiprium  eiasti; 
Tf'Cf  ana  -A  tne  unacK'rmec  crs-ssectiona,  area,  ana  me  reouiTca 
‘•Tre-".  cT  moauiuh  p''  — a'*  . 'wnere  a  ==  T  I.- r- 

:.'T  L';s'rica:uir;  C'  re.apM'  lenrtn  o'  me  sampie 

Results  and  discussion 

’>  .iiue'  o;  tne  wt  silica  which  were  oDtained  rrom 
.'.■'.artL'es  J"'  in  weicnt  ot  tne  sampies  are  given  in 
.t-T.n  tou-  ci;  tne  tabie.  Tne  present,  simphned  prec- 
e,  .nietnoa  is  seen  to  oe  successrui  in  that  tilier  is 
..e.:  ir,  amount.s  comparable  tC'  those  intrc- 
■■  •:  ::  e  Ti  C’:'  is  m  direa  contact  with  iiquid 

c.ttai'-.st-s,  .'vs  expected,  relative 
■  .imoient  conditions  increase  me  rate 


eiC.  2-  Tne  nomina.  stress  shown  as  a  Tunciiori  oi  eioneation  for  the 
same  nenvorKs  cnaracterizec  in  Tiaure  ].  in  this  representation,  me 
area  unacr  each  cur\e  represents  tne  enerp  £.  reouired  lo:  nci- 
work  nipuire 


(..(f.mui  anu  '.cwnLi  W/. 


f'lL’nrc  2  sh<n\’s  me  data  ot  tiL'ure  1  plotted  ;n  such  a 
was'  tnat  tne  area  under  each  stress-strain  curve  corres¬ 
ponds  to  the  ener^-  E,  ot  rupture  [1,  8],  which  is  the 
standard  measure  ot  eiastomer  touphness.  Increase  in 
filler  content  is  seen  tc'  pi  ve  sipnificant  increases  in  both 
F..  and  in  the  ultimate  strenpth,  as  represented  bv  the 
\  a;ue  (fiA'].Qi  the  nominal  stress  at  rupture.  Values  ot 
both  auantiiies  are  piven  in  the  last  rw'o  columns  of  the 
table.  Tnis  insitu  precipitation  techniaue,  in  spite  of  its 
simplicitv.  IS  obviously  extremeiv  effective  in  improv- 
inp  the  mechanical  properties  of  PDMS  elastomers. 
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INTRODUCTION 

Polvacecylene,  aimoleat  organic  polvmer 

with  a  fully  conjugated  backbone.  naa  generated 
considerable  interest  due  to  ita  unusual  electronic 
properties.  Specifically,  through  selective  doping  the 

poiwer'a  electrical  conductivity  can  be  made  to  vary  manv 
order!  of  magnitude,  from  insulator  to  aemiconauctor  (1.. 
Tne  structure  of  the  polymer  chain  appears  to  oe  ont-  of 
the  key  determinants  tor  the  electronic  properties  of  tne 
polvmer /dooant  systems  (1;.  Recent  structural  evioence 
and  tneoretical  calculations  (1*3)  suggest  a  planar 
backbone  structure  for  ci s  and  t^rane  forms  of  I CH 
however,  many  aspects  of  tne  structure  and  cnaracterist ics 
of  ( CK '  are  not  well-defined  oue  tc  its  int  r  ac  tab ;  i  1 1  v 
and  its  insolubility  in  most  solvents.  Kanv  otncr 
polvmeric  svstemi  have  beer.  proposed  or  actualiv 
investigated  witr.  regard  tc  Cncir  potential  as  conouctors 
or  scmiconcuctcrs  (1;,  among  tneae  tne  na iogcp-auos t i tuted 
po iyac€ ty lenes  1 «  ) . 

It  appears  tna: 

electrical  conductivity  xt  sensitive  tc  tne  oegree  of 
conjugation  along  tne  cnain  oackoone,  and  this  ir  turn 
vanes  directly  with  the  extent  of  chair,  olanaritv  (51. 
Ir  the  case  of  suostituced  polyacervlenes  ir  particular. 
It  IS  crucial  tor  effective  conductivity  tnat  the 
suostituen:  6  buU  not  cause  appreciable  deviations  from 
planarity  ir.  an  attempt  to  reduce  steric  conflicts.  Among 
tne  naiogen-substituted  polyacetylej^es .  the  fluorine  atom 
If  lust  atnal.  enough  •  1.30  A  tc  render  attractive 

?•••:  interactions  even  lor  tne  planar  cnain  ir  wnich  case 
fne  four-oonc  ‘•••F  interatomic  distance  is  closest  (l.bC 
howevet ,  with  suoscicution  of  chlorine  "  1.8C 

stcric  conflicts  between  pcnoatit  chlorine  atoms  will 
render  the  planar  conformation  highly  repulsive,  and  this 
effect  would  become  more  severe  for  Br  and  1  suostitutior.. 
In  this  study,  ouantuc  oecnanical  theoretical  methods  arc 
usec  CO  calculate  tne  electronic  oand  gaps  and  banc  widens 
of  tne  (CF'  cnair  and  compared  with  cnoae  aimiiariy 
calculated  ^or  ICH)  itself.  Calculations  have  been 

carried  out  as  a  function  of  rotation  about  tne  single 

bonds  along  tne  oackPone  in  order  to  assess  the  dependence 
o:  conouctivity  or.  chain  planarity.  LiKewise.  the 

sensitivity  of  tne  calculated  band  gaps  to  small  changes 
ir  structure  ( oond  angles,  pond  lengtns)  has  been 

investigated. 

THEORY 

In  all  calculations  presented  here.  the  cnains 
assumed  tne  trans  geometry  about  tne  C»C  double  bonds,  and 
rotations  t  about  tne  intervening  single  C-C  bonds  were 

earned  out  in  increments  of  30  with  c  “  0^  corresponding 
tc  the  _  planar ,  zig-zag  ( “trans**)  conformation 
C  delocalized  crystalline  molecular 

orbitals  needed  ir.  the  uuantum  mechanical  approach 
employed  were  obtained  using  tne  tight-Pinding  scheme 
based  on  the  extenoed  hucRel  approximation  (6,7).  Tne 
calculations  included  all  of  the  valence  atomic  orbitals 
of  the  C.  K.  and  F  atoms  comprising  the  chains.  ir  tne 
present  calculations,  lattice  sums  were  carried  out  to 
seconc  nearest  neighPors. 


yTW:‘T*'kA. 

Ir.  Table  ,  tne  siructurs.  parameters  used  tor  tne 

Table  1.  Structura'.  parameters  used  tor  the  present 
calculations  lor  pe r f i uor opo i vsee t v *ene  :  CF  and 

poivscetv  lene  ( CH  * 


!  CF 

X 

(  CH 

X 

i ene  t  n  ^  * 

C-: 

1.35: 

1.3^: 

( -c 

1  .ui*0 

1 .  ^  3 1 

r-H 

— 

1.1: 1 

C-J 

1.33fc 

— 

h 

bond  any  les 

c-c-c 

12b.  6 

127.0 

— 

IIE.O 

c-.'-r 

:::.3 

— 

In  units  of  Angstroms. 


‘'ir  units  of  degrees. 


present  calculations  are  sumnarized.  Tnese  values  were 
selected.  ir.  the  case  of  from  available 

experiments',  structural  data  (i.S'  on  the  PolNTuer  and 
troc  results  of  extensive  ^  i ni r i r  and  CNDO.'I  (Cotcolete 
hegiect  of  Differential  CA»cr lap)  molecular  orbital 
calculations.  In  tne  case  of  tne  CNDO/3- 

calculaied  values  used  were  found  to  be  in  close 
agreement  with  experimental  values  giver  for  soall- 
molecuie  analogues  (9/. 

RESULT?  AKT  DISCUSSION 

Calculated  values  of  the  band  gaps  E  and  band 
widtnF  BV  tor  both  CCr)^^  and  (CH/^  as  a  funclior.  ot  tne 
rotational  angle  5  are  presented  in  Table  II. 
Interestingiy ,  and  tCF)^.  give  nearly  loentical 

values  of  both  I  and  BW  at  every  value  of  f  consioered. 
Within  this  leve:  of  approximation  a:  least,  it  appears 
tnat  substituting  F  tor  H  in  polyacetviene  has  £ 
negligible  cftcct  or.  the  polvmer’s  intrinsic  electrical 
conooctivitv .  For  both  polymers,  values  o:  I  with  a 
minimum  (E  =  eV;  at  tne  planar  conformations 

■  and  and  a  maximum  (E  r  4.3,  eV ;  wner.  tne 

pianes  of  the  chain  on  citner  sidi  of  tne  rotated  bond 
are  mutually  perpendicular  *  90^).  These  results  are 
consistent  with  the  expectation  of  a  direct  relationship 
between  conouctivity  and  oegree  of  conjugation  (51.  both 
of  which  Should  be  largest  at  ^  18C®  and 

amallest  at  a  ^  9C^.  Tne  experimentally  determined  value 
of  E  for  is  eV  (9).  inasmuch  as  tnese 

exnet^mental  values  fall  between  that  given  by  these 
calculations  for  ^  and  180®  (E  ^  0.7  eVl  and  tnat 

tor  t  *  90*^  (E  -  U.3  eVl,  the  ^preaent  results  may 

suggest  cons iderap le  oeviations  from  planarity  aiong  tne 
backbone . 

Tne  bandwidth  BW  of  the  highest  occupied  molecular 
orbital  may  be  related  tc  some  extent  tc  the  oegret  of 
delocalization  of  the  ^  system  along  the  chain  backbone 
and  to  tne  cnarge  earner  mobility  m  the  oand  (1).  For 
noth  polymers,  values  of  tne  BW  were  a  maximun-  (t.t  ^V; 
for  the  planar  conformations  and  a  minimuic  I*..!--.*.  eV^ 
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at  C  .  with  a  large  BW  value  indicating  a  high  degree 

of  ^  de  ioca 1 ixac ion  and  of  carrier  mobility. 

Calculations  were  alao  carried  out  to  aaaeaa  the 
aenaitivity  of  I  and  BW  values  to  email  changes  in 
structural  geomec  A.  The  aott  apectacular  effect  in  (CF^ 
was  obtained  hv  increasing  the  backbone  C*C  bond^  lengths 
and  decreasing  cne  C-C  bond  lengths  both  by  0.02  A.  At  ^ 
"  C^,  this  small  change  reduced  the  calculated  value  of  t 
from  Ce72  eV  to  0.^0  eV.  Such  a  atructural  modification 
would  be  indicative  of  increased  conjugation  along  the 
chain  backbone,  hence  the  reault  auggeats  a  very  strong 
relationship  between  high  conductivity  and  a  high  degree 
of  conjugation.  In  the  other  direction,  decreasing  the 
C*C  bpnd  lengths  and  increasing  the  C-'C  bond  lengths  by 
0.02  A  from  their  original  values  resulted  in  an  increase 
in  I  trcQ  0.72  eV  to  1.04  eV.  These  reaults  alao  point 
out  ^nat,  by  the  present  methooi,  calculated  band  gaps  are 
extremely  sensitive  to  the  atructural  geotaecry  chosen  for 

tne  backbone.  Calculated  values  of  I  and  BW  were 
virtually  insensitive  to  small  changes  ^n  bond  angles 

along  the  backbone,  with  increasing  or  decreasing  tne  C*C- 
C  bond  angle  by  2.C°  prooucing  no  effect.  Likewise, 
snortening  or  lengthening  ^he  C-K  bonds  in  or  the  C- 

F  bonos  in  ( Cf '  bv  0.02  A  had  s  negligible  efiecc  on  the 
calculated  F  an^  BW  values.  It  appears 

Table  II.  Calculated  values  of  Che  band  gap*  (E  )  and 

Band  width*  IBW*'  for  (CH'  and  ( CF  as  a  functfor.  of 

.  J.  X 

rotations;  angle  C. 
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I'  tner.  tnat  conductivitv  is  directly  and  strongly  flependent 
!■  or.  cne  degree  of  conjugatioc  aloog  the  backbone,  and  tne 
otner  structural  modifications  are  cf  minor  or  negligible 
consequence . 
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t^e  •jeccric  c  jnauc  t  i  v  ;  r  v  5t  T  r.in^~T*oivaCgfv 
2"'  '•'■■•  '  .  snowr  in  f'lnure  I.  ?v  iDouT  twelve  'r-J^rs 


H  H 


H  H 


In  :n#*^e  or'*.i~inarv  j  j  I  c ..  . .»  l  i  s  tne  I.  -jr  ir 
sni  'ns  w»'r«*  pidt<*<3  s  v’^e  c  r '.  v  a  i  '  v  )v^r  ’.Tit*  po  i  v  a  r  e  t  v  i  f«  ri*> 
jn.iin  aC  a  iiscance  '?qual  Co  cnp  sur.  jC  van  :»*r  man^i, 
xac  i  ot  C  and  I  7r  br  aroras  ror  I  ana  3r  rri.' 

s«Tarations  jr**  a. a  A  jnd  J.n  S,  'p  s  pec  C  i  v**  i  •/ ;  .  In  t  f- 1  s 
arianK^ment  cntr  separations  ’jetwppr  :ne  iodine  anions  and 
Orooine  anivins  npc.’tnp  -•.I  ^  in  ai^reeTnenc  w ;  r  r. 

exDeriaenc  >  and  '.t  re s pec : i vp i v . 

Hps'iirs  and  Discussion 

To  test  tne  jCiiitv  ol  tne  tneorecitai  irecnod.  edp 
3and  fltruccofe  ot  tne  ondoped  CH(  was  caic'^iacpc. 

Thi  IS  snown  in  riaore  2,  becaasp  ot  "ne  .arpp  jnit 


r;  ifgre  1.  The  vTSns -po  i  vac  e  t  v  i  ene  cnain. 

aaarinuoe.'  ^  The  JoP*nta  AaF^  and  I.  have  been  most 
widely  jaed  but  ocher  halides  'ana  aeca”l  lona  are  also 
ettective,  Sxoerioeneal  invest  i«ac  i  ona  deoonacrate'*  :he 
existence  of  I”  specie*  in  iodine-doped  poivacetylene, 

in  the  "braaine-doped  poivmer.  and  Cj.*  in  the 
cnl6rine*dooed  polvaer.  However,  the  lacn  or  cooplete 
structural  information  for  tneae  poivmers  has  hindered 
progresa  towards  an  understanding  of  their  electronic 
properties.  In  the  present  worK  preliminary  attempts  are 
made  to  understand  the  axial  electronic  band  structures  of 
acceptor-doped  poiyace cy lenes .  The  dopants  studied  were 
and  Sr^  anion*. 

Method  of  Calculation 

The  electronic  band  atructurea  were  calculated  uaing 
the  cighc-Pindi^g  acnemc  baaed  on  the  extended  Huckel 
approximation.  ^  The  paraoetera  required  fo^  C,  I  and 
3r  acoma  were  obtained  from  the  literature.  ’*  In  the 
present  calculations  Isctice  suma  were  carried  out  to 
second -nearest  neighbora. 

Geometry  opcimizacion  meant  of  the  sb-initio  STO- 
3C  quantum  mechanical  method**  waa  uaed  to  calculate  bond 
lengcha  and  bond  angles  for  the  t-(CH)  .  The  calculated 
valuea  for  C-C,  C"C  and  C-H  bond  length^  are  1.^83,  1.323 
and  1.084  ^.respectively.  The  C"C-C  bond  angle  ia  123.98'^ 
and  C“C-H  angle  la  119.93  .  The  correaponding  parameters 
for  *''^2  ^^3  aniona  were  obtained  from  the 

literature.  '  Both  the  moleculea  are  linear  with  lodine- 
lodine  and  bromme-bromine  bond  lengths  of  3.1  ^  and  2.7 
reapectively. 

The  unit  cell  haa  been  modeled  to  consist  of  the 
speciea  Iwhere  A  it  I  or  Br),  which  rcpreaenct 

a  doping  level  oi  “33  wt  *.  The  reasons  for  chit  choice  of 
concentration  are  Chat  (a)  it  la  close  to  Che  highest 
observed  d^ant  level  for  lodine-doped  polvacetviene 
(CHI^  lb) -the  size  of  Che  unic  ceil  is  within  the 

dimensional  Iifflicacions  of  the  computer  program  available; 
(c)  the  syatem  thus  defined  gives  a  closed  shell  problem. 
The  same  concentration  waa  used  for  iodine-  and  bromine- 
doped  polvacetviene  for  a  comparative  study  of  the 
csiculaced  snd  experimental  results  at  fixed 

concentrat ion. 
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Figure  2.  The  band  structure  of  undoped  trans- 
polvacecv lene . 

cell,  the  Srillouin  rone  la  one-ninch  as  long  as  the 
primitive  ua^t  cell,  and  there  are  nine  band*  each  fof 
the  and  w  states.  Among  these,  the  three  lowest  ^ 
and  the  three  hignesC  and  one  0  states  are  shown  in  the 
figure*  The  calculated  band  gap  1.3  eV  is  in  good 
agreement  with  Che  experimental  estimates  of  1.4  -  1.9 

eV.*  The  band-gap  raimtnum  is  at  the  tone  edge  of  the 
primitive  unit  cell.  This  agrees  with  the  picture  of  a 
band  gap  arising  from  alternating  singler  a^d  double-bond 
lengths  driven  by  a  Peicrls  distortion,  **  ’  *  The  present 
model,  therefore,  clearly  agrees  with  the  experimental 
ooservac ions . 


Figures  3  and  4  show  the  effects  of  doping  trana- 
polyacety lene  with  iodine  and  bromine,  respectively.  The 
broken-line  bands  are  for  the  iodine  or  bromine  dopants. 
In  both  cases  the  highest  occupied  valence  band  of 
undoped  polvacetviene  becomes  the  lowest  unoccupied 
conduction  band,  and  this  conduction  band  almost  overlaps 
the  valence  band  at  the  rone  center.  CThe  band  gape  for 
iodine-  and  bromine-doped  polvacetviene  are  0.018  and 
0.033  eV,  respec t ive I V ) .  These  almost  degenerate  bands 
will  result  in  a  partially  fixed  band  at  the  zone  center 
of  these  doped  polvmers,  thus  giving  them  metallic 
characteristics.  Tne  dispersion  of  the  valence  and 
conduction  bands  of  iodine-  and  bromine-doped  ^-(CH)  are 
0.56  and  0.35  eV  anw  0.50  and  0.33  eV,  respectively. 
This  slight  increase  in  band  gap  and  decrease  in  valence 
and  conduction  band  dispersion  in  going  from  iodine-dooed 
polvacetviene  to  bromine-doped  polvacetviene  explain  the 
observed  decrease  in  conductivity  at  constant  doping 
concentration  ^assuming  otner  relevant  factors  remain 
constant).  Finallv,  the  bands  due  to  the  dopants  are 
flat  since  the  intcrxonic  distances  sre  more  than  tne  sum 
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Figure  3.  The  bend  scructure  for  lodine-ooped 
trane-poivecetviene . 


Figure  *• .  Tne  bend  structure  tor  brotnine-doped 
t  rang -po Ivacecviene. 


of  tne  van  der  Waais  radiv  o*.  the  corresponding  ions. 
(For  iodine  the  sun  ot  van  der  "aai*  radii  is  -.iT  «.  bur 
Che  miniiBum  separation  is  •».'  X;  the  corresponding 
Quantities  tor  bromine  are  3 . and  5  .  ‘  A  re  spec  1 1  ve  i  v  .  . 
Additional  calculations  in  progress  include  intercnain 
interactions  and  variation  ot  tne  relative  orientations  ot 
the  anions  with  respect  to  tne  po  l  vsce  t  v  lene  cnaii..  Tne 
results  Should  vield  a  Clearer  understanding  of  rne 
variations  -.n  tne  band  gap  and  cnanges  ir.  tnr  natuit  t; ! 
tne  vaience  and  conduction  nanos. 
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Tht  use  of  PVTiuTieir^  coordinH^ef  (SCJ  ic.  peonieirv  ontimi7.alior!  is  discussed.  A  conipuie*'  orijcnin. 
incorporaUnp  tne  use  of  sc.  lopetner  with  aiialvucul  calculation  of  tlic  prariitru  ana  uuanratic  accticrHlioi. 
IS  descrioed.  Also  reported  are  careful  test  results  on  a  series  of  small  molecules  and  typical  results  wilii  a 
long  senes  of  molecules  up  to  quite  large  size  (40-6n  alomsi. 


INTRODUCTION 

For  the  last  several  years  we  have  been  inter¬ 
ested  in  the  use  of  molecular  syTnmetry  in  molec¬ 
ular  orbital  calculations.'  The  profmam  we  have 
developed,  CNDO/S,"  makes  extensive  use  of 
point-group  ssTTimetry  throughout. 

In  this  article  we  would  like  to  repon  on  the 
simplifications  afforded  by  the  use  of  ssriimetry 
in  the  process  of  geometry  optimization.  Tne 
Hamiltonian  operator,  and  consequently  the 
gradient  of  the  potential  energx',  transform  of 
necessity  in  the  totally  s\Tnmetric  irreducible 
representations  (irrep)  of  the  applicable  point 
group  (PGi.  .As  a  result,  any  derivatives  of  the 
gradient  wnth  respect  to  coordinates  that  are  not 
totally  sNTnmetric  lor  do  not  contain  a  totally 
symmetric  component i  vanish  identically.  Tnere- 
fore  when  the  energy  is  expressed  in  terms  of 
symmetry  coordinates  (SC),  oenvatives  (gradient 
eiementsi  are  required  only  vith  respect  to  those 
coordinates  that  transform  in  the  totally  s\m- 
metne  irrep. 

-A  molecule  consisting  of  N  atoms  has  3.A’  -  6 
i3A'  -  5  if  It  IS  uneari  internal  degrees  of  free- 
aom  (DFi:  wthout  use  of  .symmetry,  all  tne  inter¬ 
nal  DF  must  be  optimized.  Moreover,  while  it  is 
generally  easy  to  separate  out  the  3  transiationa! 
DF.  .separation  of  the  3  (or  2)  rotational  one.s  is 
not  tn\nal.  On  the  other  hand,  even  molecules 
with  only  relatively  iow  symmetry  nave  signifi¬ 
cantly  fewer  than  3A'  totally  symmetne  DF.  Tnus 
in  formalaenyde.  HnCO.  transforming  in  tne  pc 
Ci, .  there  are  6  internal  df.  nut  only  A  totally 
symmetric  sc.  in  aceuine.  also  C..,..  ttiere  art  2A 


'T  t<  w'Pon:  ai.  correKponderice  .should  tie  adares.s«;- 


intemal  coordinates,  but  only  h  totally  symmet¬ 
ric  SC.  Tne  larger  the  molecule  and  the  higher  its 
symmetry,  the  greater  the  simpliheation  achieved 
by  the  use  of  the  sc. 

Optimization  using  sc  of  any  molecule  requires 
an  initial  test  structure  which  transforms  in  .some 
PG.  say  G.  The  converged  structure  will  trans¬ 
form  in  the  same  group,  or  possibly  in  a  PC  tC' 
which  G  is  a  subgroup;  however,  tne  final  struc¬ 
ture  cannot  be  of  lower  symmetry  than  the  test 
structure.  Special  provisions  have  to  be  made  in 
case  the  test  structure  is  too  symmetric  (cf.  be¬ 
low  i. 

The  mode!  used  in  this  work  is  the  semi- 
empincai  c.ndO/'2  method,”  which  has  permitted 
relatively  simple  analyaic  expressions  for  the 
gradient  elements."  The  program  we  have  devel¬ 
oped  IS  fully  automatic,  using  an  initial  test 
structure  to  get  started,  and  proceeds  via  a 
steepest  descent  method  with  a  quadratic  accel¬ 
eration.^ 

S'i'MMETRY  COORDINATES 

We  have  cnosen  the  most  naive  method  of 
dehning  tne  SC,  >.  Different  definitions  were 
required  for  asymmetiir  and  symmetne  top 
moiecuies.  i.c.  molecules  ha\mg  no  a.xis,  prooer 
or  improper,  of  order  greater  than  two,  and 
molecules  naxmg  iust  one  such  axis,  restiectiveiy . 
Spnencal  tops  ha<mg  several  noncoincioent  axes 
of  order  greater  than  two  are  treated  in  a  sut' 
group  of  lower  symmetry . 

For  the  asymmetne  tops,  the  ‘  are  simniv 
linear  combinations  of  tbe  Cartesian  displace¬ 
ment  coordinate'-  of  sets  of  symmetncaliy  eaui\- 
aien;  atoms..  Proiectioi,  of  tne  r..  y.  anc  r 


■iouniai  of  (  orrnuuuiona!  Criemi.'itrN .  Vo.,  i’,.  No.  '..  i!f"'-l 

'  !'■>  .lorui  VVne\  L  Siora.  inc. 


t '  (i; p. -stVii  s-;  .k 


rit<imetp.  ()ptiimzation  Usuig  Symnietrv  Cijordinater. 


-ble  I.  The  tolallv  s\Tnnietnc  svmnietr\  l■(K>rdmilt<■ 

;or  acetone. 


;  t 


coordinaifcs;  of  one  atom,  in  eacn  .^et  nv  a  proieo- 
non  operator  in  tne  totally  y\TTimetnc  irrep  gen¬ 
erates  all  tr  neeaea  sc  for  tnat  set;  at  most  one 
totally  s>TTunetnc  sc  is  generatea  from  each 
Cartesian  coordinate  of  any  atom..  Table  I  shows 
tne  sc  tnus  generated  for  acetone. 

For  symmetnc  top  moiecuies.  the  Cartesian 
coordinates  are  nrst  transformed  into  cyiinar' 
polar  coordinates.  The  scs  are  tnen  the  ap¬ 
propriate  linear  comoinations  of  the  iatter.  Thus, 
for  etnane,  =  c.  -  =  c,  -  r,  -  r,  -  c.. 


ant;  -  i*  '  ii.  -  ii.  -  i,,  -  n  *  .Noit-  tnat 
witn  1“'  ;niem;o  ciKirainatfs  t'lr  I)  .  nr  I)  nruv 
,  -ire  !ntaii\  s'.mrnetn: 

PrnvisiMM,..  riavi-'  Ot-en  made  within  trie  pm- 
cram  tr,  tree/e  ,ertair',  nr  'n  .liinw  notimi/.a- 
tmti  nf  uni',  --elerled  SC. 

1  tie  i>e  uf  trie  ’ntaii'.  '■.ninietr,'  sc  aummati- 


-vnimet.--. .  A.'TuaiiN,  m  nur  e.xueneru  e  ca.ms  iric 
.iinnc  nne  nr  nmre  rtslund.int  rnnrc.lnates  .me-  tint 
.-.lowed  cnrivercence. 


(;R.M)IE.Vr  .AU'.OKITHM 

Tne  totai  eie<'trnnK'  enerst''  '’f  a  mniecuie  can 
tie  nniKer.  ut'  into  two  parts;  a  pan  contaminc 
terms  ea.cn  of  wnicn  depends  only  on  a  single 
.iTnn..  anc.  anntner  part  wnich  depends  on  oairs 
and  lariter  imnunsi  of  atoms.  VVitnin  tne  CNDO  tl 
and  .t'.VDo  Si  approximation; 

£'  =  ^  n  ^  ^  ( 1 1 

.1  ■  H 

wnere  A  and  B  reier  to  atoms.  The  hrst  set  of 
te.nri.-.  in  e<p  i  1 1  is  geometry'  independent,  and 
nence  need  not  concern  us  further.  The  second 
set  of  terms,  in  the  C.ndo  methods  can  De 

firoKen  up  into  t.nree  parts; 

r  p  c  ,  =  r '  I  Q  1  _  n  'i 

^.A/r'  ■‘va/l-  -JO'  :aH  ■^AW'-jo  lAll 

~  ^AU'  ^^A!l  I 

Here.  is  the  interatomic  di.stance.  is  the 
overlap  integral  between  atomic  orbitals  p  on  A 
and  0  on  fi,  and  7^/1  is  the  semi-empiricaiiy 
averaged  electron  repulsion  integral  of  CNDO. 
and  of  course,  themselves  are  functions  of 
R^i..  With  these  definitions,  the  gradient  eie- 
ments  become 
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Here  the  are  the  three  ct>ordmates  of  the 
two  atoms  A  and  B.  .All  partial  denvatives  in  eq. 
I'd  I  can  Oe  readily  evaluated  analytically. 


STEEPEST  DESCENT  AND  QUADRATIC 
ACCELERATION 


Th"  c'':;,:.'-:::  i..;  m  the  dirts'- 

;m  ri'iis"-  ' '1  'tit'  eiiercN  .  Thur 
•••  ••  •  t  ■•i-r.it;"’:  :i  McH  .'I  riici  lire  1.'  tie- 
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I : M  : If  i^iii  I (iirft  t  mti  ( >: 

,r-'  =  ir'  *  ^ 

where  i/:"  is  the  pradient. 

Whenever  an  optimization  is  earned  out  bv  a 
steepest  descent  method  on  a  function  that  is 
quadratic  or  nearly  quadratic  in  each  of  the 
independent  variables,  quadratic  acceleration 
methods  improve  the  rate  of  convergence.  We 
have  chosen  the  method  of  Fletcher  and  Powell" 
to  accelerate  convergence.  The  improved  coordi¬ 
nates  at  the  [n  1  ith  step  are  generated 
by  the  recursion  relation; 

=  ID  - 

where  at  the  nth  iteration  the  Hessian  matrix 
H"  is  an  approximation  to  the  inverse  of  the 
matrix  G  of  the  2nd-order  partial  derivatives 


Tne  initial  matrix  H''  is  taker,  as  tiu  ur.r. 
matrix,  and  successive  approximations  a.''e  gene;- 
ated  b\-  the  recursion  reiatio.n 


wKi.  r"  =  -c'H'.g'”  a:u: 


Tnt-  Use  (•:  trie  (iiiactr,:;!.  a.\-eiera::o:. 
a.ssunies  tne  puientue  energ\  luii.-ti'.:, 
auacratic  ir.  eacr.  or'  trie  sr.  '  ,  t'la  rreouer: 
tinri.'  i.n  tn*  iiteratur*  statements  tr.at  t;.;- 
metnod  insure.'  con%'ergence  ir,  a  v’aicuiai'it  Mur. 
net  of  iteratKins.  howevet.  tne  a.s.su.mi)ti(>:.  (■: 
ouaaratic  aepencience  of  tne  energ\  or.  gt-tniu  ;r;. 
variables  is.  at  nest,  an  approximation,  and  nenct 
no  statement  aoout  the  rate  o:  convergence  can 
oe  maae  in  general.  Furtnermort.  we  nave  en¬ 
countered  a  numoer  of  cases  in  whicn  tne  at- 
oroximation  to  tne  Hessian  matnx  is  maaequau. 
Such  behaxnor  has  oeen  particuiariy  frequent 
when  torsional  angles  were  involved.  In  .suen 
cases  optimization  sometimes  converged  more 
rapidiy  by  a  steepest  descent  without  quadratic 
acceleration.  Occasionally,  the  Hessian  fiecomes 
non-i^positive  definite);  in  that  case,  quadratic 
acceleration  is  rasianed  from  a  unit  matnx 
for  H. 


“The  Iteration  n  is  reiecled. 

''Except  in  the  hrst  iteration  after  an  <■ 
reduction. 

CON^“ERGENCE 

A  crucial,  but  unfonunatelx  difhcult,  parame¬ 
ter  in  obtaining  good  convergence  is  the  step  size, 
n".  Tne  iniiiai  step  size  o'  must  Oe  held  quiu 
small.  otherv.-ise  nrohiems  in  tne  self-consisteni- 
lield  ISCF'  convergence  are  frequenii>  encout:- 
lered.  However,  convergence  of  tne  opiimizatior. 
1.^-  greatly  acceieraiec  p>  continua!;%  increa.s::ig 
tne  step  size.  .Aitnougr.  no  truis  optima:  natierr. 
could  Pe  found.  w(  nave  ctiosen  tne  patterr. 
sri(>w:.  It.  1  aiiit  II. 

1;  n,;n  apnea'  natura  and  ciesiratVie  to  u-se  trie 
marrnitude  o:  ttu  crianct  :r,  trie  St'  Petv.ee:. 
.suceessive  tieration.'  as  trie  cr.terior:  vener.  cot.- 
vert’erice  :ia.'  tiecr.  acrut'e'ett.  Howee’er.  ttiere  i.s  nt' 
cttaranie*.  rn.-.t  t;'.  ciw:.  prernsior.  of  caicuiatK'n 
.:  rire.'!-;  rieiTr*  o'  pre.-is'ioii  ('t  sc  car,  t'e  acniee'et: 
Triereiri're  v*  ntive  cno.'-er;  tne  aitsoiiiie  magn  - 
tu'it  of  tin  niaximun,  gradient  eicmen:  r-es 

tnt  cr>n .■ercen.-t-  cnienor.,  .-Mtnoug.n  tnn  magm- 
ttan  I.-  tu.  .ttnusuitae  naranieaer ,  we  nrive  u,''e-c 
’  . .  t  \  lor  nios;  caicuiatioia. 

KEDl  TElt  SY.M.METRY 

.■Y.'  irinicaiec'.  apn\v.  optimization  using  sr  can- 
rici;  reriuce  trie  seTrinieire  neune  tnat  of  me  rrr- 
tial  test  structure.  Tnis  must  oe  true  oecause  any 
sr  tnat  distorts  a  structure  to  one  of  iow-er  s\Tri- 
metry  is  necessariie  nontotaliy  SNinmetnc,  and 
hence  tne  corresponding  gradient  element  van- 
isnes.  Tnis  is  iliu.straied  in  Figure  1. 

in  oroer  to  cope  wnth  this  problem,  we  have 
included  a  special  program  step  which  permits 
di.stortion  of  the  converged  structure  m  any 
desired  manner  by  a  small  but  finite  amount. 
Such  distortions  must  be  made  according  to 
chemica'  insight  inu>  likeiy  structures  of  tne 
molecule.  Distortion  in  the  direction  of  eacii  non- 
lotally  symmetric  sc  is  insufficient,  at  least  in 
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Figure  1.  Saddle  point  and  minimum. 


the  absence  of  normal  coordinates.  If  the  energy 
is  decreased  by  such  a  distortion,  indicating  that 
the  geometry  obtained  is  a  saddle  point  rather 
than  a  (local)  minimum,  the  optimal  geometry 
has  lower  symmetry,  and  optimization  is  reini¬ 
tiated  automatically  in  the  distorted  svTnmetry. 

RESULTS 

The  program  has  been  tested  on  a  large  variety 
of  molecules.  It  is  found  that  the  final  converged 
geometry  is  independent  of  the  inititd  test  struc¬ 
ture.  With  a  convergence  criterion  of  0.1  eV/A, 
in  a  series  of  6  molecules  containing  4  to  10 
atoms,  bond  lengths  never  deviated  from  the 
average  by  more  than  0.001  A,  and  bond  angles 
had  an  average  variation  of  ±  0.15  ' .  In  some  45 
runs,  convergence  required  an  average  of  12,7 
iterations  reducing  the  energy  and  1-2  iterations 
which  were  rejected  because  the  energy  in¬ 
creased.  The  number  of  iterations  appears  to  be, 
because  of  the  quadratic  acceleration  and  the 
dynamic  variation  of  step  size,  nearly  indepen¬ 
dent  of  starting  geometry.  Typical  data  aae 
shown  in  the  Appendix.®  The  total  energy  of  the 
converged  structures  also  was  independent  of 
starting  geometry,  in  each  case  agreeing  to  better 
than  0.001  eV. 

Final  nj(  tint-.-  of  the  te.st  niolecuie.-  tran.-- 
formed  in  \anou,-  Pu.  Includiitg  (\.  (',,,  and 
I)  ,  .  iti  -lime  ca-es.  optimi/.ation  wa.-  imtiateti 


from  a  structure  transforming  in  a  subgroup  of 
the  PG  of  the  final  structure.  In  all  such  cases, 
the  final  structure  was  the  same  as  when  optimi¬ 
zation  was  initiated  in  the  proper  pg.  Even  the 
number  of  iterations  required  for  convergence 
was  not  significantly  affected  in  this  way,  al¬ 
though,  of  course,  the  computing  time  was 
increased  because  of  the  larger  number  of  sc 
required. 

In  the  test  molecules,  converged  geometries 
agreed  with  experimental  values  within  an  aver¬ 
age  of  ±0.04  A  for  bond  lengths  and  ±3°  for 
bond  angles.  This  level  of  agreement,  of  course, 
depends  only  on  the  model  (cndo/2)  chosen,  not 
on  the  optimization  method. 

Further,  less  extensive  tests  have  been  made 
on  a  large  number  of  molecules  in  symmetries  as 
low  as  Cl  and  as  high  as  Dg/,.®  Convergence  in 
cyclic  molecules  tends  to  be  somewhat  slower, 
but  the  final  geometries  also  are  independent  of 
starting  ones,  and  energy  constancy  was  ob¬ 
served  whenever  tests  were  made. 

For  large  molecules,  40-60  atoms,  at  times 
convergence  is  slow,  particularly  where,  in  the 
potential  surface,  narrow  troughs  exist.  Some¬ 
times  as  many  as  50-100  iterations  are  required 
for  convergence  in  these  cases.'®  A  practical  mea¬ 
sure  that  seems  to  improve  efficiency  is  to  alter¬ 
nate  between  using  and  not  using  quadratic 
acceleration  every  so  many  (5-10)  iterations.  This 
device  reduces  the  extent  of  oscillation  within 
the  potential  energy  trough  and  so  speeds  up 
convergence. 

One  of  the  many  useful  features  that  our 
cndo/2  program  incorporates  is  an  option  allow¬ 
ing  for  rotation  of  groups  of  atoms  about  desig¬ 
nated  bonds  prior  to  geometry  optimization.  This 
has  proved  particularly  useful  in  the  conforma¬ 
tional  analysis  of  several  large  molecules  where 
cndo/2  energies  have  been  calculated  as  a  func¬ 
tion  of  some  rotational  angle,  E(<1>)  vs.  (f>.  Here 
the  number  of  iterations  needed  for  optimization 
can  be  reduced  significantly  for  each  successive 
rotational  angle  by  a  judicious  choice  of  initial 
geometry.  Specifically,  since  in  general  geometri¬ 
cal  parameters  (bond  lengths  and  bond  angles) 
vary  smoothly  with  changing  rotational  angle,  it 
is  advantageous  to  use  the  previously  converged 
(optimized)  structural  geometry  corresponding  to 
a  nearby  angle  as  the  initial  geometry  for  a 
successive  calculation  at  a  new  <i>  value,  rather 
than  tu  repeaiedlv  reiniiiuli/.t-  iht-  gt-i)metr\  at 
-ome  arbitrary  .siartini;  piiitn.  In  this  way.  need- 
It--.-  cnniputatiiinal  redundancy  is  ()b\'iaied. 


Figure  2.  Some  irrationaJ  structures  and  the  corre¬ 
sponding  converged  geometnes. 

The  power  of  the  method  is  also  indicated  by 
experiences  with  the  optimization  of  some  irra¬ 
tional  structures  which  had  been  generated  ex¬ 
clusively  to  test  certain  s.vmmetn.-  routines.  In 
each  case,  the  optimization  converged  on  a  chem¬ 
ically  reasonable  structure,  even  if  it  was  neces- 
san,-  to  break  up  the  array  of  atoms  into  two  or 
more  molecules.  Figure  2  iUustrates  some  rather 
astounding  examples  of  such  cases.  The  most 
amazing  finding,  perhaps,  is  the  fact  than  an  SCF 
calculation  with  a  single  Slater  determinsmt  con¬ 
verges.  both  for  the  ridiculous  test  structures  and 
for  the  converged  structures  involving  several 
separated  molecules  in  the  same  determinant. 


Pv'  -ri(b  ■  ♦  '  .1 


Thi  inipr'i'iniftii  nt  in  in*  Iirsi  iUT;iii<in 

in  h  ca.-e^  soinclmie-  cxi  *-e(if(l  lUKi  f\', 

i  lie  CMiu  2  melliud  lias  Irequeiilly  tieeii  cnii- 
cized  for  pving  poor  optimized  structures."  Our 
program,  which  uses  this  method,  obviously  can¬ 
not  provide  results  better  than  the  model.  How¬ 
ever,  in  our  hands  the  method  has  produced 
excellent  results  with  a  great  economy  in  com¬ 
puting  time. 
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(-CEC-S-CEC-; 

X 

( -CrC-  ' 

X 

Mt.  St.  Joseph,  OH  45051. 

CEC 

1.116 

1.116 

c-c 

1.339 

1.339 

INTRODUCTION 

C-S 

1.685 

— 

Ouantun  mechanical  calculations  have  been  used  in 
extending  the  understanding  of  the  theoretical  basis  for 
electrical  conductivity  in  certain  organic  polymers  (l-5)> 
Recent  structural  evidence  and  theoretical  calculations 
for  polyacetylene  (CH)  indicate  that  the  structure  of  the 
polymer  chain  is  a  ^ey  determinant  in  the  resulting 
conductivity  of  the  various  polvmer/dopant  svstems  (b-S). 
Conductivity  in  such  systems  appears  to  be  sensitive  to 
the  degree  of  conjugation  along  the  chain  backbone,  which 
in  turn  is  directly  related  to  the  degree  of  chain 
planarity  These  calculations  have  also  been 

useful  in  designing  polymer  chains  or  linkages  that  nay 
have  potential  as  conductors  or  semi-conductors  (6,10). 
Other  conjugated  polymeric  svstems  have  been  suggested 
(6),  including  various  polyynes  ( -CrC-X“C=C“ )  where  X  mav 
be  a  group  IV,  V  or  VI  element  (Ilf*.  Undoped 
organosilicon  polyynes  have  been  sliown  to  possess 
resistivities  that  classify  them  as  organic  semiconductors 
(12).  In  the  preaent  calculations,  the  band  structure  of 
( "C=C-S-CrC- )  has  been  investigated.  Due  to  the 

stiffness  of  ^he  chain  and  the  absence  of  substituents  on 
any  of  the  atoms  in  the  chain  backbone,  there  should  be  a 
minimum  of  steric  conflicts  for  any  conformation.  Also, 
deviations  from  planarity  can  only  occur  by  rotations 
aoout  the  C-S  single  bonds. 

For  comparison,  calculations  have  also  been  carried 
out  or  the  band  structure  of  carbvne  (-C=C-)  to  assess 
the  added  effect  of  the  sulfur  atom  on  the*  conjugated 
avatem.  The  calculations  nave  also  been  extended  to 
explore  the  scnsitivitv  of  calculated  band  gaps  to  small 
changes  in  the  structural  geometry  cf  the  unit  cell. 

THEORY 


The  band  atructures  of  ( -C=C-S-C=C- )  and  (-C;C-' 
were  calculated  using  the  tight  binding  spproximstion  ol 
the  extended  Huckel  method  to  obtain  Che  delocalited 
crystalline  molecular  orbitals  (1.3).  The  present 

calculations  included  all  of  the  valence  atonic  orbitals 
of  C,  but  only  the  s  and  p  orbitals  for  S  atoms  could  be 
considered.  Lsccice  sums  were  carried  out  to  second 

nearest  neighbors.  From  the  calculated  band  atructures, 
Che  band  gap  E  and  the  band  width  BW  were  used  to 
characterise  the®  potential  conductivity  of  the  polymer 
with  reference  to  similarly  calculated  values  for  trans 
(CH)^  (8).  The  structursl  parameters  used  for  the  present 
calculations  on  ( -CjC— S“C=C“ )  and  (“CrC— )  are  given  in 
Table  I.  The  values  for  the  CHC  triple  *and  C-C  single 
bond  lengths  were  selected  from  extensive  ab  inn  lo 
calculations  on  carbvne  (-C=C-)  (13).  Values  for  ine  C-S 

bond  length  end  tne  C-S-C  bon<r  angle  were  selected  from 
experimental  structural  data  for  small  molecule  analogs 
(14).  In  the  present  calculations,  the  (-C=CSC=C-) 
Chains  were  assumed  fixed  in  a  planar  zig-zag  conformation 
with  respect  to  tne  sequence  of  rigid  (-SC=C-C=C-) 
segments. 


Bond  Angle 
C-S-C 


100. 


In  units  of  Angstroms, 
In  units  of  degrees. 


Table  II.  Calculated  values  of  the  band  gap  E  and  band 
width  BW.  ^ 


l-CiC-b-C=C-) 


(-C=C-) 


3.2 

0.2 


1.5 

2.3 


*ln  units  of  electron-volts. 

neither  of  these  polymers  would  approach  the  electrical 
conductivity  of  trans  (CH)  .  This  is  particularly  the 
case  with  (-CsCSCTT-^  in  t\at  the  value  of  BV  la  very 
small,  indicating  virtually  no  diapersion  of  the  highest 
occupied  valence  band.  Therefore,  it  is  predicted  that 
this  polymer  chain  would  behave  as  an  inaulator  even  in 
the  doped  state,  particularly  given  that  the  Dajri  btruc ture 
waa  calculated  for  the  planar  conformation  which  would 
posaeas  maximum  t.  overlap.  Carbvne  (-CEC-)  ,  nowever.  is 
a  fully  conjugated  linear  chain,  and  ita  ^ower  t  value 
would  appear  tc  render  it  better  suited  st  a  pc^ential 
electrical  conductor  or  aemieonductor .  However,  it  may 
be  aurprising  that,  compared  with  the  analogous  (CH)  ,  (- 
CsC-)^  gives  s  considerably  higner  E  value  and  lower  BW 
value.  Preliminary  studies  suggest  ^n  explanation  based 
on  the  nature  of  the  bonds  within  the  chains. 
Specifically.  in  calculations  on  (CH)  (8)  the 
alternstinc  single  and  double  bonds  were  assigned  lengths 
of  1.433  A  and  1.342  respectively.  Correspondingly, 

the  lengths  given  for  the  single  and  triple  bonds  in 
("C=C“)  are  1.339  %  and  1.116  X,  Hence,  the  disparity 
in  lengths  between  the  two  typea  of  bonds  is  much  smaller 
ir.  (CH'  [C.09.  X]  th.n  in  (“C=C-)  Lc.223  ^3,  and  our 
studies  on  model  avatems  such  as  (Cic)  ,  h.»  mg  complete 

uniformity  m  bond  lengths,  indicate*  a  correspondence 
between  bond  length  uniformity  along  the  backbone  and 
favorable  values  of  £  and  BW  (15).  Of  course,  the 
degree  of  oond-iength®  uniformity  and  the  degree  of 
conjugation  within  these  chains  are  essentially 
equivalent  concepts,  hence  these  results  again  point  to  s 
correlation  between  conjugation  along  tne  chain  backbone 
and  conductivity. 


RESULTS  AND  DISOISSION 

Tne  calculated  band  gaps  E  and  band  widths  BW  for 
both  (C=CSC=C)^  and  (C=C)  are®  presented  in  Table  II. 
Comparing  tnese  values  wi?h  those  calculated  for  trans 
ICH)^  (E^  -  0.75  eV,  BW  -  6.9  eV)  (B)  suggests  tnat 


Coaparison  of  the  calculated  B^  values  for  (-CHC-)  and 
(-CsCSCEC-)^  suggests  that  the  addition  of  the  S  *atom 
greatly  affects  the  conjugation  along  tne  chain,  and  this 
agrees  with  the  observation  that  tne  more  homogeneous  the 
structure  of  the  chain,  the  greater  the  probability  of 
conductive  behavior  (6k  Certainly,  inaertion  of  the  S 
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acom  in  the  ocherwise  fully  conjugated  chain  disrupts  both 
homogeneity  and  the  rodlike  character.  These  results  on 
(~CrCSC=C~)  are  disappointing,  however,  when  compared 
with  Che  w^I  known  conductivity  of  polylpnenyl^ne  sulfide) 
(16).  In  this  connection,  the  band  structures  of  ocher 
polyynes  are  under  current  investigation  in  order  to 
assess  the  effect  of  other  heceroatoms  within  the  chain 
backoone  on  conductivity. 

The  choice  of  structural  parameters  (i.e.,  bond 
lengcns  and  bond  angles)  is  of  necessity  somewnat 
aroitrary,  hence  it  is  essential  to  assess  the  sensitivity 
of  our  calculated  E  and  BW  val-<es  to  changes  in  the 
structural  geometry  ^f  the  unit  cell.  The  reference 
polvmeric  system,  t rans  (CK)  ,  and  its  perf luorinated 
analog  trans  (CF)  were  used  for  this  purpose.  The  most 
spectacular  effect  was  obtained  by  simultaneously 
increasing  the  lengths  of  the  C*C  bonds  and  decreasing 
those  of  the  C-C  bonds.  For  (CF'  in  the  trans 

conformation,  such  a  modification  of  on  fy  C.02  X  reduced 
tne  value  of  E  from  C.72  eV  to  0.40  eV.  This  result  is 
ressonable  sin^e  such  s  modification  is  tantamount  to 
increasing  the  extent  of  conjugation  along  the  chain,  and 
this  should  translste  to  lower  E  values.  In  the  other 
direction,  decreasing  the  C"C  bon<^  and  increasing  the  C-C 
bonds  bv  0.02  n  resulted  in  an  increase  in  E  from  0.72  eV 
to  I.Oh  eV.  In  contrast,  calculated  E  values  were  nearly 
insensitive  to  small  (J  changA  in  oacioone  bond 

angles.  Thus,  these  analvses  suggest  that  conductivity  is 
directly  and  strongly  dependent  on  tne  degree  of 

conjugation  along  the  chain  bacKbone,  and  otner  small 
mod i f ica t ions  in  structure  are  of  relativeiv  minor 
s igni f icance . 
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If  tlie  tetraethylorthosilicale  ( I'tOS)  used  to  end  link  hy¬ 
droxyl-terminated  poiyfdinietliyhiloxane)  chains  is  present  in 
excess,  there  are  two  effects  on  the  resultinp  network  structure. 
First,  some  of  the  excess  TEOS  hydrolyzes  to  pive  in  situ 
precipitation  of  reinforcinp  silica  particles.  In  addition,  some 
can  cause  extension  of  the  polymer  chains,  particularly  of  the 
shorter  chains  in  the  case  of  a  bimodal  network.  In  the  present 
investipation,  the  ultimate  strenpth  and  touphness  of  such  bi¬ 
modal  networks  was  found  to  po  throuph  a  maximum  with 
increase  in  tlie  amount  of  excess  TEOS  used  in  the  curinp- 
fillinp  procedure. 


INTRODUCTION 

When  an  elastomeric  network  is  prepared  by 
end  linking  polymer  cliains,  it  is  possible  to 
acliieve  any  desired  distribution  of  network  chain 
lengths  simply  by  proper  choice  of  the  polymer 
chains  employed.  This  technique,  for  example,  has 
beet)  used  for  the  preparation  of  bimodal  networks 
(1)  of  very  short  and  relatively  long  chains  of 
poly(dimethylsiloxane)  (PDMS)  | — Si(CH.i);0 — |, 
tfie  end-linking  agent  being  tetraethylorthosilicate 
(TEOS)  iSilOCsHs)^).  Such  (unfilled)  networks 
were  found  to  be  unusually  tough  elastomers  (1 , 2). 
Another,  much  more  common,  way  of  obtaining 
toughness  is  to  employ  a  reinforcing  filler,  typically 
silica  (Si02}  in  the  case  of  PDMS  netvsorks  (3,  4) 
Of  interest  here  is  the  fact  that  a  technique  has  now 
been  developed  for  the  simultaneous  curing  and 
filling  of  PDMS  elastomers  (5),  the  desired  in  situ 
filling  being  accomplished  by  the  hydrolysis  of 
TEOS  present  in  excess  of  that  required  for  the 
end-linking  process. 

The  present  investipation  explores  one  possible 
route  for  preparing  PDMS  elastomers  wliich  are 
botfi  bimodal  and  filled,  specifically  by  the  simul¬ 
taneous  curing  and  in  situ  filling  of  a  bimodal  mix¬ 
ture  of  PDMS  chains.  Of  particular  interest  are  the 
ultimate  strength  and  toughness  of  the  resulting 
elastomers. 

EXPERIMENTAL  DETAILS 

The  two  hydroxyl-terminated  PDMS  samples  em¬ 
ployed  were  generously  provided  by  the  Dow 
Corning  Corporation,  and  had  number-average  mo- 

V  mtmf  tthoUr  frwn  fhr  Ckmff>tan|  Infttiuir  of  C3>emicol  lndu»»r>-.  S»c4iiun.  Ouiui 


lecular  weights  corresponding  to  660  and  21.3  X 
10’  g  niol~'.  They  were  mixed  to  give  two  batches 
in  which  the  short  chains  were  present  to  the  extent 
of  94  and  97  mole  percent,  respectively.  Portions 
from  both  of  these  batches  were  mixed  with  TEOS 
in  amounts  characterized  by  the  molar  composition 
ratio  r  =  lOCsHsl/lOH],  where  the  — OCjHs  groups 
are  on  the  TEOS  and  the  — OH  groups  appear  as 
chain  ends  on  the  PDMS.  Specific  values  of  this 
ratio  are  given  in  the  second  column  of  Tabic  1. 
The  catalyst  employed,  stannous-2-ethyl-hexan- 
oate,  was  preseni  to  the  extent  of  1.0  weight  per¬ 
cent  of  the  PDMS.  Both  series  of  mixtures  of  these 
components  appeared  to  be  perfectly  homogene¬ 
ous.  Tfiey  were  poured  into  molds  to  a  depth  of  1 .0 
to  1 .5  mm.  and  the  reaction  was  allowed  to  proceed 
at  room  temperature  for  three  days.  The  water 
required  for  the  hydrolysis  of  the  TEOS  was  simply- 
absorbed  from  the  humidity  in  the  air. 

The  resulting  networks  w'ere  extracted  in  tetra- 
hydrofuran  and  toluene  in  the  usual  manner  (6.  7); 
the  sol  fractions  thus  obtained  were  generally  small, 
as  can  be  seen  from  the  values  given  in  column 
three  of  Tabic  1.  The  densities  p  of  these  extracted 
materials  were  determined  by  pycnometry.  Swell¬ 
ing  equilibrium  measurements  were  also  carried  out 
on  portions  of  the  extracted  samples.  Unswollen 
portions  cut  from  each  network  sheet  were  used  in 
the  elongation  experiments  carried  out  to  obtain 
the  stress-strain  isotherms  at  25°C  (2,  6,  7).  The 
nominal  stress  w.as  given  by  /’  «  f/A‘.  where/ is 
the  equilibrium  elastic  force  and  A’  the  unde¬ 
formed  cross-sectional  area,  and  the  reduced  stress 
or  modulus  (6-S)  by  (/’I  =  /*/(o  -  a"“),  where  a 
=  L/L,  is  the  elongation  or  relative  length  of  the 
sample. 
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Table  1.  Network  Charactensttca  and  Elattomenc  Properties. 


Composition  Weight  percent  S1O3 


Mole 

percent 

xixort 

chains* 

r* 

Sol 

traction, 

percent 

p,  g  cm"’ 

From  Aw 

From  p 

a.* 

Or* 

U/A-).,' 

N  mm"’ 

lO’f," 
J  mm"’ 

94 

0.52 

54 

— 

0.954 

_ 

_ 

1.39 

2.25 

0653 

0418 

0.80 

4.5 

— 

0.957 

— 

— 

1.21 

2.39 

2  03 

0.964 

1.02 

4.3 

0.289 

0.959 

0.00 

0.00 

1.29 

2.22 

2.03 

0.800 

1.29 

4.7 

0.299 

0.966 

1.97 

1.11 

1.26 

2  10 

2  51 

0851 

1.49 

4.8 

0.303 

0.966 

2.70 

1.62 

1.23 

2.06 

2  14 

0  773 

1.84 

4.8 

0.304 

0.973 

3.33 

2.30 

1.24 

2  07 

2.93 

0  888 

2.14 

4,4 

— 

0.976 

— 

2.72 

1.22 

1.96 

3.07 

0906 

2.49 

51 

0.304 

0.980 

4.59 

3.37 

1.23 

2.05 

375 

1,07 

2.86 

4.9 

0.307 

0981 

5.76 

3.62 

1.19 

2.04 

4.01 

1  14 

3.28 

4.7 

— 

0.988 

— 

4.64 

1.21 

2.00 

4  44 

1  06 

3.56 

4.6 

0,307 

0.996 

6.05 

5.90 

1.18 

1.86 

3.82 

0  780 

3.76 

4.2 

— 

0.998 

— 

6.21 

1.18 

1.80 

3.56 

0  770 

4.03 

4.4 

0.316 

1.005 

8  13 

7.32 

1.15 

1.86 

3.50 

0.913 

5.00 

4.5 

0.321 

1.011 

9.94 

8  17 

1.13 

1.75 

2,65 

0604 

97 

068 

64 

_ 

0  964 

_ 

_ 

1.21 

1.64 

0.735 

0  176 

1.00 

6.3 

0.321 

0.967 

0.00 

0.00 

1.21 

1.62 

0,934 

0.275 

1  40 

7.3 

0.327 

0.979 

2.50 

1.83 

1.19 

1.89 

2  76 

0.833 

1.74 

7.2 

0.327 

0.989 

3.20 

344 

1.16 

1.94 

4  16 

1.21 

208 

7  4 

0.335 

0.989 

4  40 

3.50 

1  16 

1.87 

3  73 

1.04 

2.59 

8.2 

0.339 

0.993 

5.99 

4.10 

1.12 

1.63 

1.91 

0483 

3.05 

8,8 

0.339 

1.003 

7.08 

5.55 

111 

1  60 

2.27 

0.505 
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RESULTS  AND  DISCUSSION 

The  swelling  equilibrium  results  indicated  strong 
reinforcing  effects  from  the  precipitated  silica.  Spe¬ 
cifically,  the  degree  of  swelling  decreased  as  the 
composition  ratio  r  increased:  this  is  sliown  in  col¬ 
umn  four  of  Table  1.  b>  the  increasing  \  aloes  of  the 
\olume  fraction  of  poh  mer  at  swelling  equilib¬ 
rium.  Also,  the  densities  (given  in  column  fi\c) 
increased  with  increase  in  r,  because  of  the  high 
densif  \  of  silica  ^~2.6  g  cm""^)  ( 1 6)  relatis  e  to  PDMS 
(~0.96  g  cm"^). 

The  amounts  of  SiO;  precipitated  were  estimated 
in  two  wa\  s.  Values  obtained  from  the  increase  Au' 
in  weight  of  polymer  are  given  in  column  six  of 
Table  1.  and  those  from  the  densities  of  filled  net¬ 
work,  polymer,  and  silica  are  given  in  the  following 
column.  The  latter  values  are  approximate!)  20 
•percent  smaller  than  the  former,  which  indicates 
that  not  all  of  the  TEOS  hydrohzed  is  converted 
all  the  way  to  pure  silica.  In  an)  case,  in  both  series 
of  networks,  the  weight  of  filler  does  show  the 
expected  increase  with  increase  in  r. 

Some  typical  stress-strain  isotherms,  selected 
from  those  obtained  from  the  networks  has’ing  94 
mole  percent  short  chains,  are  shown  in  Fig  1.  This 
representation  is  based  on  the  equation  (S.  9) 

I/-]  =  2C,  +  2Qq-  (1) 

where  2Ci  and  20^  are  constants,  and  thus  the 
reduced  stress  is  plotted  against  reciprocal  elonga¬ 
tion.  Increase  in  the  composition  ratio  r  decreases 
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the  value  of  q„  of  the  elongation  at  which  the  upturn 
in  [/*i  becomes  discernible,  as  can  be  seen  from 
both  the  figure  and  from  column  eight  of  Table  1. 
Increase  in  r  thus  gives  the  expected  increase  in 
amount  of  precipitated  filler,  with  the  associated 
upturn  in  l/’j  occurring  at  smaller  deformations. 
This  increase  in  filler  content  should  also  cause  a 
decrease  in  the  elongation  a.  at  rupture.  As  shown 
b\  the  values  of  o,  given  in  column  nine,  this  is 
confirmed  b)  most  of  the  data  The  data  on  the 
networks  containing  97  mole  percent  short  chains 
scatter  too  badl)  to  be  definitixe  in  this  regard. 

Figure  2  show  s  ihe  data  of  Fig  1  plotted  in  such 
a  wax  that  the  area  under  each  stress-strain  curxe 
corresponds  to  tlie  energ)  E,  of  rupture  (2.  10'. 
xx  hich  IS  the  standard  measure  of  elastomer  tough¬ 
ness.  Increase  in  filler  content  is  seen  to  gix  e  sig¬ 
nificant  increases  in  both  £,  and  in  the  ultimate 
strength,  as  rep-esented  b)'  the  value  (//.A*),  of  the 
nominal  stress  at  rupture.  Values  of  both  quantities 
for  all  of  the  samples  are  gix'en  in  the  last  txxo 
columns  of  Table  1.  The  most  extensive  set  of  re¬ 
sults,  those  for  the  networks  having  94  mole  per¬ 
cent  of  short  chains,  are  also  presented  as  a  function 
of  the  composition  ratio  r  in  Fig  3.  Both  if/A°), 
and  £r  go  through  a  maximum  with  increase  in 
excess  TCOS.  This  could  be  due  to  the  xveight 
percent  of  silica  becoming  so  large  as  to  make  the 
neixvorks  relatixely  brittle.  Alternative!)',  or  in  ad¬ 
dition.  some  of  the  excess  TEOS  could  cause  chain 
extension,  which  would  be  particular!)'  serious  in 
the  case  of  tiie  verx  short  chains,  because  of  their 
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Ftp.  1  Thr  reduced  stress  slimiii  in  a  /iiiirtion  of  recijiroeal 
eUmeaiioii  for  typical  networks  liaemp  94  violc  perenit  short 
rhams  Thr  results  pertain  to  25  *C.  and  each  curve  IJ  lahelicd 
with  its  i-aiue  of  the  molar  composition  ratio  r  =  j — OCsHsll 

I _ OHI  Thr  open  circles  locate  results  pottm  usmp  a  senes  of 

increosinfi  values  of  the  elonpatiou  and  thr  filled  circles  results 
olitaincd  out  of  seyuincr  to  test  for  n  versihility  The  short  ritai- 
sums  of  the  linear  portions  of  tiie  nines,  which  were  located  by 
least-squares  analysis,  help  locate  thr  values  a.  of  thr  rloncation 
at  which  thr  upturns  in  I  f’jjwst  brroiiie  disrrniihlc  Thr  vertical 
dashed  lines  locate  the  nipturc  points  of  thr  samples 


Fip  3  The  effect  of  the  composition  ratio  on  thr  ultimate  strenpth 
and  enerpy  for  rupture  of  all  of  the  networks  hav'inp  94  mole 
percent  short  chains 


very  liiRh  number  density  of  end  groups.  Thus, 
excess  TEOS  can  be  used  to  improve  the  properties 
of  bimodal  PDMS  networks  by  the  «n  situ  precipi¬ 
tation  of  silica  but  complications,  such  as  the  effects 
of  chain  extension,  must  also  be  taken  into  account. 
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ABSTRACT:  A  method  previously  developed  for  the  precipitation  of  reinforcing  silica  filler  within  an  already 
cureo  elastomer  is  extended  so  as  to  permit  simultaneous  curing  and  filling.  Specifically,  tetraethyl  orthoailicate 
IS  used  to  end-link  hydroxyl-terminated  chains  of  poly(dimethyisiloxane),  win,  the  excess  present  being 
hydrolyzed  to  finely  dbided  SiOj,  Increase  in  the  amount  of  filler  thus  formed  decreases  the  elongation  required 
for  the  desired  upturns  in  modulus  and  increases  -ne  maximum  extensibility,  ultimate  strength,  and  energy 
required  for  rupture  of  the  network. 


Introduction 

Eliastomers  which  cannot  readily  undergo  strain-induced 
crystallization  are  very  weak  in  the  unfilled  state. 
Networks  of  poiyidimethylsiioxsmel  (PDMS)  [-SKCHsU- 
0-)  are  in  this  category,  primarily  because  of  the  very  low 
melting  point  '-40  ”0*  of  this  polymer.  As  a  result.  PDMS 
elastomers  used  in  most  applications  are  invariably  filled 
wqih  e  “high-structure*  particulate  silica  (Si02l  in  order 
to  improve  their  mechanical  properties/^*'  The  incorpo¬ 
ration  of  such  fillers  in  PDMS  or  any  high-viscosity 
polymer,  however,  is  a  difficult,  time-consuming,  and  en¬ 
ergy-intensive  process.*"*  It  can  also  cause  premature 
gelation  fstructunng*  or  "crepe  hardening").*  For  these 
and  other  reasons, it  would  be  advantageous  to  De  able 
either  to  precipitate  reinforcing  SiO;  into  an  aiready  cured 
network  or  to  generate  it  dunng  the  curmg  process  The 
first  goal  was  achieved  in  two  earlier  studies'®-’’  in  which 
tetraethyl  orthosiiicate  (TEOS)  [SifOCjHjl^)  was  hydro¬ 
lyzed  to  precipitate  the  desired  SiO;  filler  into  a  cross- 
linked  PDMS  network  Tne  present  investigation  extends 
this  work  so  as  to  permit  the  simultaneous  curing  and 
filling  of  an  elastomer  material. 

Experimental  Details 

The  polymers  employed,  two  hydroxyl-terminated  PDMS 
samples  having  number-average  molecular  weights  corresponding 
to  ICT’Af,,  =  21.3  and  8.00.  respectively,  were  generously  provided 
by  Dow  Coming  Corp.  Portions  of  them  were  mbied  with  TEOS 
in  amounts  characterized  by  the  molar  feed  ratio  r  = 
(OCjHjl/lOH),  where  the  OCjHj  groups  are  on  the  TEOS  and 
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the  OH  groups  appear  as  chain  ends  on  the  PDMS.  Specific  values 
of  this  rauo.  which  range  upward  from  1.0  (stoichiometric  balance), 
are  given  in  the  third  column  of  Table  I.  The  catalysts  employed, 
dibutyltin  diacetatc  and  stannous  2-ethyl  hexanoate,  were  present 
to  0.6-1.0  and  1.7  wt  Tc .  respectively,  of  the  PDMS.  Both  series 
of  mixtures  of  these  three  components  appeared  to  be  perfectly 
homogeneous.  They  were  poured  mto  molds  to  a  depth  of  l.Ci-1.5 
mm.  and  the  reaction  was  allowed  to  proceed  at  room  temperature 
for  3  days.  The  water  required  for  the  hydrolysis  of  tne  TEOS 
was  generally  simply  absorbed  from  the  humidity  in  the  air."^  but 
in  a  few  test  cases,  additional  liquid  water  was  adoea  to  the 
reaction  media, 

Tne  resulting  networks  were  extracted  in  tetrahydrofuran  and 
toluene  in  the  usual  manner:’^-’*  the  sol  fractions  thus  oDtained 
are  small,  as  can  be  seen  from  the  values  given  in  column  four 
of  Table  1.  The  densities  p  of  these  extracted  materials  were 
determined  by  pycnometry  .  Swelling  measurements  m  oenzene 
at  room  temperature  -were  also  carried  out  on  portions  of  the 
extracted  samples.  Similarly,  other  unswollen  portions  were  used 
in  the  elongation  experiments  carried  out  to  obtain  the  stress- 
strain  isotherms  at  25  .*C. ’■’•’*  The  nominal  stress  was  given  by 
/*  =  //A*,  where  f  is  the  elastic  force  and  A*  the  undeformed 
cross-sectional  area,  and  the  reduced  stress  or  modulus’  ’^”'  b.v 
L'*j  E  f“ fia  -  a'*),  where  o  =  DfL,  is  the  elongation  or  relative 
length  of  the  sample. 

Results  and  Dis'Pussion 

The  simplest  equation  for  the  hydrolysis  of  TEOS  is 

SifOCjHj),  4-  2H20  —  SiOj  -H  4CJH5OH  (1) 

but  the  reaction  in  the  presence  of  the  hydroxyl-terminated 
PDMS  is  probably  much  more  complicated,  with  some 
chains  bonded  to  incompletely  hydrolyzed  products.  In 
any  case,  electron  microscopy  results’*  indicate  the  par¬ 
ticles  to  be  unaggiomerated,  with  an  average  diameter  of 
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Fifsure  1.  Reduced  stress  shown  as  a  function  of  reciprocal 
elongation  for  the  first  series  of  SiOj-fiHed  PDMS  networks  at 
25  “C.  Each  curve  is  identified  b>-  the  designation  given  in  column 
one  of  Table  1.  and  the  vertical  dashed  lines  locate  the  rupture 
points.  The  results  shown  in  the  remaining  figures  also  pertain 
to  this  series  of  networks. 


r 


Figure  2.  Weight  percent  silica  precipitated  within  the  PDMS 
networks  shown  as  a  function  of  the  feed  ratio  r  =  (OC^Hjl/IOHj, 
where  the  OC7H5  groups  are  on  tnc  tetraethyl  orthosiiicate  and 
tne  OH  groups  are  at  the  ends  of  the  polymer.  Tne  open  circles 
snow  the  results  obtamed  from  tne  change  in  weight  of  the 
polymer  and  the  filled  circles  from  the  aensity  of  the  fibed 
network. 

200  A.  There  was  also  ample  evidence  for  vert'  strong 
reinforcing  effects  from  the  precipitated  silica.  Specifically, 
the  degree  of  swelling  decreased  as  the  feed  ratio  r  in¬ 
creased;  this  is  shown  in  column  five  of  Table  I  by  the 
increasing  values  of  the  volume  fraction  of  polymer  at 
swelling  equilibrium.  Also,  the  densities  (given  in  column 
six)  increased  with  increase  in  r,  because  of  the  high 
density  of  silica  (~2.6  g  cm"®)'"  relative  to  PDMS  (~0.95 
g  cm"®).  Finally,  the  networks  prepared  with  an  excess  of 
TEOS  (r  »  1)  have  values  of  the  modulus  which  are  much 
higher  than  those  of  the  network  prepared  using  r  =  1.0 
(curve  1).  Typical  results,  for  the  first  series  of  networks, 
are  shown  in  Figure  1.  Furthermore,  the  upturns  in  [/♦] 
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Figure  3.  Effect  of  the  feed  ratio  on  the  elongation  at  the  initial 
upturn  in  modulus. 
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Figure  4.  Dependence  of  the  maximum  extensibility  on  the  feed 
ratio. 

observed  at  high  elongations  clearly  demonstrate  the  de¬ 
sired  reinforcing  effects.“'’““'’^ 

The  amounts  of  SiOo  precipitated  were  estimated  in  two 
ways.  Values  obtained  from  the  increase  Aw  in  weight  of 
polymer  are  given  in  column  seven  of  Table  1,  and  those 
from  the  densities  of  filled  network,  polymer,  and  silica 
are  given  in  the  foUownng  column.  The  latter  values  are 
approximately  30%  smaller  than  the  former,  which  is 
consistent  with  the  expectation,  already  mentioned,  that 
the  filler  is  not  entirely  pure  SiO;.  Larger  amounts  of  silica 
were  precipitated  in  the  case  of  the  shorter  chain  network 
(10"®Afr  =  8.00),  presumably  because  these  networks  con¬ 
tained  larger  amounts  of  TEOS.  The  amounts  are  rep¬ 
resented  relative  to  the  stoichiometricaliy  balanced 
amount,  and  this  reference  amount  is  larger  for  the  end¬ 
linking  of  shorter  chains.  In  both  series  of  networks,  the 
weight  of  filler  does  show  the  expected  increase  with  in¬ 
crease  in  r,  as  in  shown  in  Figure  2. 

The  values  of  the  elongation  a^,  at  which  the  modulus 
increases  because  of  the  reinforcing  effects  are  given  in 
column  nine  of  Table  I.  They  show  the  expected  decrease 
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Table  I 

Preparation  and  Properties  of  the  Silica-Filled  Networks 


nutuork 

lP'"Afr 

r" 

ftoi 

fraction 

P,  g  cm"-’ 

wt 

from  Au 

SiO, 

from  p 

Q*.' 

N  mm'* 

10’£,. 
,I  mrr." 

1 

21.3 

1.0 

0.043 

0.293 

0.955 

0.00 

0.00 

2.68 

0.481 

0.489 

2 

21.3 

19.5 

0.034 

0.319 

0,966 

2.28 

1.80 

1.42 

3.24 

1.25 

1.18 

3 

21.3 

39.9 

0.033 

0.326 

0.967 

4.56 

1.96 

1.42 

3.31 

1.58 

1.49 

4 

21.3 

60.4 

0.032 

0.328 

0.987 

6.75 

5.12 

1.37 

3.32 

2.21 

1.93 

5 

21.3 

80.8 

0.031 

0.334 

0.990 

8.83 

5.59 

1.33 

3.37 

2.59 

2.03 

6 

21.3 

101.3 

0.030 

0.338 

0.993 

10.83 

5.74 

1.27 

3.54 

3.39 

2.93 

7 

21.3 

142.2 

0.029 

0.373 

1.010 

14.56 

8.61 

1.25 

3.37 

3.99 

3.73 

8 

8.00 

1.0 

0.046 

0.324 

0.954 

0.00 

0.00 

1.59 

0.310 

0.120 

9 

8.00 

6.2 

0.047 

0.363 

0.962 

1.29 

1.16 

1.68 

1.87 

0.507 

0.240 

10 

8.00 

10.0 

0.047 

0.384 

0.983 

5.02 

4.44 

1.47 

2.05 

0.730 

0.417 

11 

8.00 

20.4 

0.050 

0.409 

1.002 

8.31 

7.50 

1.24 

2.49 

2.11 

1.21 

•Feed  ratio  of  OCjHj  TEOS  groups  to  OH  chain  ends.  ‘Volume  fraction  of  polymer  present  at  swelling  equilibrium  in  benzene  at  room 
temperature.  'Elongation  at  initial  upturn  in  modulus.  “Ultimate  strength  as  represented  by  the  nominal  stress  at  rupture.  'Energy- 
required  for  rupture. 


Figure  S.  Effect  of  the  feed  ratio  on  the  ultimate  strength  as 
characterized  by  the  nominal  stress  at  rupture. 

with  increase  in  the  amount  of  silica  generated,  as  is  shown 
by  the  typical  results  presented  in  Figtire  3.  Values  of  the 
maiimum  extensibility  or  elongation  a,  at  rupture  are 
pven  in  the  foDowing  column.  Their  increase  with  r.  as 
shown  in  Figure  4.  cietiriy  demonstrates  the  reinforce¬ 
ment-induced  improvement  in  this  ultimate  property. 
Mucn  more  striking  mcreases  are  observed  for  the  ultimate 
strength,  as  represented  by  the  nominal  stress  at  rupture. 
These  results  are  shown  in  part  in  Figure  5  and  are  tab¬ 
ulated  in  their  entirety'  in  column  11  of  Table  I.  Networks 
prepared  in  contact  with  excess  water  were  not  as  strong 
as  those  described  in  Table  L  The  fact  that  these  samples 
were  cloudy  indicates  the  presence  of  unusually  large  siLca 
particles,  which  would  be  less  effective  as  reinforcmg 
agents. 

Figure  6  shows  the  data  of  Figure  1  plotted  in  such  a  way 
that  the  area  under  each  stress-strain  curve  corresponds 
to  the  energy  E,  of  rupture,**'  which  is  the  standard  mea¬ 
sure  of  elastomer  toughness.  The  values  of  10^£,  for  the 
two  series  of  networks  range  from  0.49  and  0.12  J  mm"^ 
(r  *  1.0)  to  3.73  and  1.21  J  mm'^  (r  »  1).  respectively.  The 
specific  values  are  given  in  the  last  column  of  Table  1.  and 
typical  results  are  shown  as  a  function  of  r  in  Figure  7. 
Thus,  this  reinforcement  technique  can  easily  bring  about 
a  tenfold  increase  in  toughness.  Furthermore  it  is  achieved 
in  a  manner  that  avoids  the  complications  of  the  elaborate 
milling  techniques  usually  used  to  blend  an  already  formed 


Figure  6.  Nominal  stress  shown  as  a  function  of  elongation  for 
the  same  networks  cnaracterized  in  Figure  1.  In  this  repre¬ 
sentation.  the  area  under  each  curve  corresponds  to  the  energy 
required  for  network  rupture. 


Figure  7.  Effect  of  the  feed  ratio  on  the  energy  required  for 
network  rupture. 

filler  into  a  high  molecular  weight  polymer. 
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SHORT  COMMUNICATION 

Impact  resistance  of  unifilled  and  filled  bimodal  thermosets 
of  poly(dimethylsiloxane) 

M.-Y.  Tang’’,  A.  Lenon””',  and  J.  E.  Mark’-' 

Depanments  of  Chemistn’’  and  Chemical  Enpineerinf’''  and  the  1‘olvmer  Research  Cenier, 

Tne  University  of  Cincinnati,  Cincinnati,  Ohio  USA 


AVv  wordi:  Bimodal  networks,  thermosets.  polvldimeths'Uiioxanej,  impact  strcnpth, 
filled  elastomers,  rupture  enerpies 


Introduction 

Incorporating  very  short  I'non-eiastomencl  chains 
in  an  elastomenc  nerv,'ork,  thereby  pving  a  bimodal 
distribuuon  of  chain  lengths,  is  known  to  have  a  signif¬ 
icant  tougherung  effea  [1  -  5].  dn  such  networks,  the 
shon  cnains  are  thought  to  increase  the  ultimate 
strength  because  of  their  limited  extensibilit)',  and  the 
long  chains  to  retard  the  spread  of  rupture  nuclei',.  The 
present  investigauon  considers  the  related  possibiiin- 
of  incorporating  verv  long  f  elastomeric)  chains  in  a  rel- 
anveiy  bnrtie  tnermoset  in  an  anempt  to  improve  its 
impact  resi.siance.  Bimodai  networks  of  poiyfdimeth- 
yislioxane)  (TDMS)  are  employed,  both  in  the  unfilled 
state  and  after  filling  bv  the  in-siru  precipiuuon  (4)  of 
reinforcing  silica  particles. 

Experimenul  Details 

Tne  rwo  poivmers  empioved  were  hvdroxvii siiano!  '-ihermina' 
ICC  PoiviQimetnvisuoxanc)  cnains  (TDMSi  navmj:  numpcr-avc'-- 
age  moiccuiar  wcipnts  OT  66j  p  mo!'  and  21,  3  x  ]2  pmol"  ', 
respeaiveiy.  Tnev  were  gcnerousiv  oroviacd  ov  me  Dou-  Corning 
Corporation  of  Midland.  MI.  Aner  carefuj  ervinp.  tnese  rwo  cott>> 
ponents  were  mixcQ  to  pve  the  compositions  iisica  in  columns  one 
anc  rwp  of  ubie  1.  Tnev  were  teirarunaionaiiv  end  iinKcd  using 
letraetnviortnosiiicaic  (TEOS)  [SifOC:.}^^)^],  at  room  tempera¬ 
ture.  in  the  usual  manner  [2,  5].  inbne;.  tne  end  iinkingjs  a  conocn- 
sation  reaaion  cataivzed  ov  stannous-2-ethvi-nexanoate,  and  was 
aiiowea  to  proceed  at  room  temperature  for  a  total  of  2  oavs.  TEOS 
present  in  excess  of  tne  amount  reauired  for  reaction  witn  me 
PDMS  end  groups  is  h  vdroiviea  to  rcinforcinp  silica  from  tne  mois¬ 
ture  present  in  tne  air.  Eiearon  microscopy  results  reponed  eisew- 
here  (7 j  showed  such  filler  particles  to  have  an  average  diameter  of 
25C  A.  with  almost  all  the  panicles  in  me  range  20G-3C0  A.  The 
amounts  of  TEOS  empio  veo  were  charaacrized  bv  the  molar  com¬ 


position  ratio  r  =  [OCyH^) '(OH),  where  the  —  OC;Hs  groups  are 
on  tne  TEOS  ana  the  —  OH  groups  appear  as  chain  enas  on  me 
PDMS.  Specific  values  or  this  ratio  arc  given  m  tne  ihira  column  of 
table  1.  Tne  cataivsi  empioved  was  present  to  the  extent  of  l.b  wt 
of  the  PDMS. 

Tne  resulting  networks  were  extracted  in  tctrahvdroruran  and 
toluene  as  oescrined  cisewnerc  [2. 5.  b.  8],  In  me  case  of  tne  unfilled 
networks,  me  cnanges  in  wcjgnt  represent  the  sol  traction,  which 
was  found  to  correspond  to  apnroximaiciy  S  wt  One  senes  of 


Table  1.  NeTw■o^^  characteristics,  and  stress-strain  and  impact  test 
results 


Shon  Cnain.;' 

Mo!  Vi : 

r’’  I 

Filic' 

(IIA  }.■) 

A'  mrr.' 

ICT.'') 

/  mrr,“ ' 

/S') 

/  mrr" ' 

i::.: 

!c:.: 

:.c 

C,56f 

:.:39 

2—2.222 

99  a 

£3..' 

!.: 

2.2 

0,695 

O.Ob? 

0.0313 

;.3 

a  a 

2.S.V3 

0.102 

2.23/6 

66.' 

;  • 

2.2 

2,T74 

2.133 

2.2336 

!..=• 

- 

;.oi 

2.  i  6b 

2.2'3“ 

32  C 

1 .2 

2.2 

1.93 

0.39' 

2,N' 

3.2 

4.13 

;  .2 1 

2  461 

33.3 

1.: 

2.2 

2.43 

0.963 

0.386 

2.3 

3.73 

t.2' 

0.306 

92. g 

t;  ^ 

1 .2 

2.2 

1.69 

0.769 

O.OOI 

:.5 

2.3 

3.19 

1.09 

0.399 

*)  Having  a  numoer-average  molecular  weight  A?,  =  662  p 
mol”  .  in  mixtures  With  long  cnains  having  Af^  =  21.3  x  IC'pmo!'  . 

*')  Moiar  composition  ratio  0‘  —  OC;Hv  TEOS  groups  to  —  OH 
chain  ends 

*)  Uitimaie  sirenpTh,  as  represented  by  the  nominal  stress  at 
rupture. 

*')  Energv  tor  rupture. 

')  Impaa  strength. 
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lanv_  Cl  ai,  Imvuc:  resisLxnce  ot  unfihed  and  filled  himndal  tnermu^ts  of  piiiMdirnetn\Utioxanc 


un'!wolifn  sheets,  which  were  approximaieis  1  mm  thick,  were  cut 
into  strips  (.'  mm  wide  and  30  mm  long];  another  ,series,  app.  sxi- 
matelv  2  3  mm  thick,  were  cut  into  circular  discs  (35  mm  diameter). 
The  strips  were  used  in  elongation  measurements  earned  out  to 
obtain  the  stress-strain  isotherms  at  25  ®C  [2, 5,6,8],  The  discs 
were  studied  in  a  small-scale  instrumented  dan  impact  tester  with 
an  impaa  duration  time  ot  approximately  4  msec  [9]  in  order  to 
obuin  relative  values  of  their  impact  strength. 

Results  and  Discussion 

In  the  case  of  the  filled  networks,  the  amount  of 
silica  precipitated  from  the  excess  TEOS  was  obtained 
from  the  increase  in  weight  of  the  networks.  The 
results  are  pven  in  column  four  of  the  table.  The  stres,s- 
strain  daui  were  analyzed  in  terms  of  the  nominal  stress 
f'  =  flA'  where  /  is  the  equilibrium  elastic  force  and 
the  undeformed  cross-sectional  area,  and  the  reduced 
stress  or  modulus  [2, 10]  [/*]  s  /‘/(ff  —  a'  *),  where  a 
—  L(L  is  the  elongation  or  relative  length  of  the 
sample,  • 

The  first  representation  of  the  data  was  in  terms  of 
the  Moonev-Riviin  relationship,  in  which  the  reduced 
stress  IS  expected  to  van'  linearly  with  reciprocal  elon¬ 
gation  tor  relatively  small  deformations  [2, 11, 12],  The 
results  are  shown  in  figure  1,  In  the  case  of  the  unfilled 
fU  I  netw'orks,  the  large  increases  in  [/*]  at  high  elonga¬ 
tions  are  caused  by  the  limited  extensibiiirv  of  the  shon 
chains  :2, 6j;  in  the  filled  (F)  networks,  the  upturns  are 
seen  to  be  enhanced  by  the  reinforcing  efiect  of  the 
silica  panicies  [■<],  It  is  aiso  useful  to  plot  the  nominal 
stress  fiA’  directly  against  elongation  since  the  area 
under  such  a  curve  corresponds  to  the  energy  £.  oi 
rupture,  the  sundard  measure  of  toughness  [2,4,6], 
\'alues  of  flA‘  at  runrure  and  £.  are  given  in  columns 
hve  and  six  of  the  table. 

Results  from  the  dan  impact  tests  gave  values  of  the 
imoact  strength  (IS  \  in  units  of  energs-  per  unit  thick¬ 
ness  (/  mm”’).  Specific  values  are  pven  in  the  hnai 
column  or  the  table,  and  both  £.  and  IS  are  shown  as  a 
runaion  of  composiuon  in  hugre  2.  There  is  seen  to  be 
a  gooc  correlation  between  £.  and  IS  as  measures  o;  ) 
imoaci  resistance,  with  both  exhibinng  a  maximum  [3]  • 
as  tne  mo!  of  shon  chains  is  decreased.  Incorpora¬ 
tion  o:  b-7  mo!  k;  of  long  chains  is  seen  to  greativ  2 
increase  £.  and  IS  and  thus  the  impaa  resistance  of  the 
100 'it  shon-chain  network,  which  is  ven'  neariv  zl 
bnttie  thermoset.  it  is  important  to  note  that  it  is  essen-  l 
nai  that  the  long  chains  be  linked  into  the  network  1 
structure.  Only  approximately  0.08  mol  °/o  of  the  long 
chains  could  be  mtroduced  bv  swelling,  because  of  the 
veil'  high  crosslink  density  of  tne  100 'it  shon-chain 
network.  Similarly,  although  it  would  be  possible  to 
have  inen  long  chains  present  dunng  the  end  linking 


aitooooc^ 


FI;;.  1.  The  reduced  stress  shown  as  a  ninaion  ot  reciprocal  elonga¬ 
tion  at  25  “C.  Eacn  curve  is  labelled  with  the  mol  “'a  of  short  cnains 
present  in  the  network,  and  U  and  F  speciry  unfilled  and  filled, 
respeaiveiy.  Tne  open  circles  locate  the  results  obuined  using  a 
series  of  increasing  values  of  the  elongation  c,  and  filled  circles  the 
results  obuineo  out  of  sequence  to  test  tor  reversibility .  Tne  vertical 
oasbed  lines  locate  tne  rupture  points,  and  the  snon  extensions  of 
tne  linear  portions  of  tne  isotnerms  help  locate  tne  values  ol  c  a; 
which  tne  upturn  in  ]j']  first  Becomes  discernible 


Mo!  Snon  Chains 

Fig.  2.  The  energv  for  ruoturc  and  the  impan  strength  shown  as  a 
runaion  of  composition  for  tne  unfilled  nerworKs 


992 


Coitoiu  anj  Poi\'rnrr  Science.  Vo.  262  .No  12  ']9K4 


procedure,  svneresis  [13]  would  almost  certainlv 
occur,  with  the  long  chains  being  exuded  from  the  net¬ 
work  structure. 

Thus,  it  has  been  clearly  demonstrated  that  linking 
long  chains  into  a  thermoset  network  can  greatlv 
improve  its  impaa  resistance. 
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Molecuiar  Orbital  Conformational  Energy  Calculations  of 
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Diyl<1,4‘Phenyiene)  and  Poiy(2,5-Benzoxazole) 
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Interest  in  potential  high-performance  polymers,  leading  to 
characterization  and  development  of  the  rodlike  poly(p-phen- 
ylene  benzohisoxazoles)  (PBO)  and  poly(p-phenylene  benzo- 
bisthiazoles)  (PBT),  has  recently  been  extended  to  a  related 
group  of  polymers  referred  to  as  AAPBO,  ABPBO,  AAPBT,  and 
ABPBT.  In  this  study,  geometry-optimized  CNDO/2  molecular 
orbital  calculations  have  been  carried  out  on  AAPBO  and 
ABPBO  model  compounds  to  determine  conformational  ener¬ 
gies  as  a  function  of  rotation  about  each  t>-pe  of  rotatable  bond 
within  the  repeat  units.  For  AAPBO.  which  contains  two  types 
of  rotatable  bonds  per  repeat  unit,  the  bond  between  the 
benzoxazole  group  and  p-phenylene  group  prefers  the  coplanar 
conformation  with  a  barrier  to  free  rotation  of  2.1  kcal  mol"’, 
while  the  bond  between  the  benzoxazole  groups  prefers  a 
conformation  approximately  60  degrees  away  from  coplanarity 
with  a  barrier  to  coplanarity  and  to  free  rotation  of  3.6  kcal 
mol*'  For  ABPBO.  which  contains  only  the  former  type  of 
rotatable  bond  per  repeat  unit,  the  coplanar  conformations 
were  preferred  with  a  barrier  to  free  rotation  of  1.6  kcal  mol*‘. 

These  results  are  in  excellent  agreement  with  the  results  of 
both  theoretical  and  experimental  studies  on  the  structurally 
analogous  PBO.  They  are  also  consistent  with  the  liquid  cr>’s- 
talline  behavior  found  for  ABPBO  but  not  for  AAPBO. 


INTRODUCTION 

The  rigid  rodlike  polymers  poly(p-phenylene 
benzobisoxazole)  (PBO)  (Fig.  1)  and  poly(p- 
phenylene  benzobisthiazole)  (PBT)  belong  to  a  class 
of  materials  known  as  high-performance  polymers 
since  films  and  fibers  processed  from  them  exhibit 
exceptional  strength  and  modulus,  thermo-oxida¬ 
tive  stability,  and  resistance  to  most  common  sol¬ 
vents  (1).  In  f^act,  PBO  and  PBT  have  been  the  focus 


of  the  U.S.  Air  Force’s  “Ordered  Polymers"  Pro¬ 
gram  aimed  at  exploiting  these  characteristics  for 
aerospace  applications  (1  to  3).  More  recently,  in¬ 
terest  has  extended  to  a  related  group  of  polymers, 
poly(5,5'-bibenzoxazoie-2.2'-diyl-1.4-phenylene) 
(AAPBO)  and  poly(2.5-benzoxazole)  (2.5-ABPBO) 
and  to  analogues  of  each  containing  a  sulfur  in  place 
of  the  oxygen  atom  (4).  The  repeat  units  are  illus¬ 
trated  in  Figs.  2  and  3,  respectively. 

Chains  such  as  these  should  possess  at  least  some 


POLYMEU  ENGINEERING  AND  SCIENCE.  OCTOBER.  7985.  Vo/.  25.  Nc  75 


ORs; 


Vr  J  \\'elsh  and  J.  E.  Mark 


Fig.  1.  Illustration  of  the  cis-PBO  repeat  unit 


Fig.  2.  Illustration  of  the  AAPBO  chain  segment  indicating  the 
Totatiota  t>i  and  about  the  two  rotatable  bonds. 


Fig  3  Illustration  of  the  2.5-ABPBO  chain  segment  indicating 
the  rotation  about  the  one  rotatable  bond  Sumeration  of 
selected  atoms  is  also  indicated. 


flexibility  perpendicular  to  the  axial  direction  as  a 
result  of  rotations  (indicated  by  0i,  ip2,  and  <t>'  in 
the  sketches)  about  the  single  bonds  joining  the 
aromatic  moieties.  In  the  present  study,  geometry- 
optimized  CNDO/2  (Complete  Neglect  of  Differ¬ 
ential  Overlap)  molecular  orbital  calculations  (2,  3, 
5  to  7)  were  carried  out  on  AAPBO  and  2,5-ABPQO 
chain  segments  to  obtain  conformational  energies 
with  respect  to  the  rotations  indicated  in  the 
sketches.  Of  particular  interest  was  to  determine 
the  preferred  conformations  and  to  assess  the  extent 
of  rotational  flexibility  about  these  bonds.  The  re¬ 
sults  can  be  compared  with  those  obtained  in  similar 
studies  of  the  PBO  polymers  (2,  3,  5). 

METHODOLOGY 

The  theory  and  methodology  of  the  present  cal¬ 
culations  are  discussed  in  detail  elsewhere  (2,  3,  5). 
Briefly,  the  technique  involves  an  iterative  scheme 
for  achieving  direct  geometry  optimization,  where¬ 
in  the  total  energy  of  the  species  is  calculated  using 
the  CNDO/2  method  (6,  7).  In  all  cases,  geometry 
optimization  was  obtained  after  assuming  an  initial 
structural  geometry  taken  from  the  x-ray  crystallo¬ 
graphic  studies  of  Fratini,  et  al.,  for  the  PBO  model 


compound  (8)  and  setting  the  torsional  angle  tp 
between  the  planes  of  the  two  ring  groups  (with  d> 
■=  0'  taken  as  the  coplanar  form)  at  a  specified, 
desired  value.  Calculations  were  usually  carried  out 
with  <p  varied  in  intervals  of  20  degrees.  Because  of 
symmetry,  scans  were  necessary  only  for  the  ranges 
^  =  0  to  180  degrees,  and  0  to  90  degrees.  The 
conformational  energy  £  associated  with  a  given 
angle  4>  was  taken  as  the  difference  in  the  CNDO/ 
2  total  energy  between  that  conformation  and  the 
conformation  of  lowest  energy. 

RESULTS  AND  DISCUSSION 

Conformational  energies  £  as  a  function  of  tpi  and 
<p2  in  AAPBO  are  plotted  in  Figs.  4  and  5,  respec¬ 
tively.. A  broad  energy  minimum  was  found  in  the 
region  60“  <  <  120*  (within  the  0  to  180  degree 

conformational  energy  space).  On  either  side  of  this 
minimum  the  energy  rose  sharply  and  continuously, 
giving  two  similar  energy  maxima  ofE  *  3.6  kcal 
mol“^at  0  and  180  degrees.  Thus  the  conforma¬ 
tional  energy  profile  obtained  is  nearly  identical  to 
that  calculated  for  biphenyl  in  a  similar  analysis  (5). 
This  is  reasonable  since  the  two  species  are  struc¬ 
turally  similar  in  the  vicinity  of  the  rotatable  bond. 
The  highly  repulsive  energy  associated  with  the 
coplanar  conformations  can  be  ascribed  primarily 
to  steric  repulsions  between  ort/io-hydrogens  on 
adjacent  ring  systems.  Specifically,  at  =  0  and 
180  degrees  these  H  ■  H  interaction  distances  are 
1.8  to  1.9  A,  which  are  considerably  smaller  than 


Fig  4  Plot  of  the  conformational  energy  E  as  a  function  oi 
rotation  angle  «>i  in  AAPBO 
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Fifi  5.  Plot  of  tiie  conformattonal  enetffy  E  as  a  functum  of 
rotation  an^le  <t>t  m  Ae\PBO 
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the  sum  (2.60  A)  of  their  van  der  Waals  radii.  As 
discussed  elsewhere  (3,  5),  the  preferences  for  non- 
coplanar  conformations  calculated  for  these  moie¬ 
ties  are  consistent  with  the  experimental  findings 
for  biphenyl  in  the  gaseous  state  *  42  degrees) 
(9)  and  in  the  liquid  state  =  23  degrees)  (10). 
The  structural  geometry  of  AAPBO  in  the  vicinity 
of  the  other  rotatable  bond  is  nearly  identical  to 
that  found  in  PBO  model  compounds,  and  the  re¬ 
sults  of  both  the  present  calculations  and  of  earlier 
calculations  on  PBO  (3,  11)  indicate  a  preference 
for  the  coplanar  conformations  with  a  maximum  of 
E  =  2.1  kcal  mol"‘  at  4*2  “  90  degrees.  These  results 
also  agree  with  the  coplanar  conformations  ob¬ 
served  by  x-ray  crystallographic  analysis  for  PBO 
model  compounds  in  the  crystalline  state  (8). 

Values  of  E  versus  ip'  in  2,5-ABPBO  are  plotted 
in  Fig.  6.  Conformational  energy  minima  were 
found  at  (j>  =  0  and  1 80  degrees  (the  coplanar  forms) 
with  a  maximum  energy  E  =  1.6  kcal  mol"',  located 
at  0'  =  90  degrees  (the  perpendicular  form).  X^al- 
culations  carried  out  on  the  analogous  2,6-ABPBO 
gave  nearly  identical  results.  It  should  be  noted  that 
the  absence  of  exact  symmetry  in  energy  profile 
about  ^  =  90  degrees,  most  conspicuous  in  Fig.  6, 
is  due  to  the  lack  of  complete  conformational  sym¬ 
metry  for  these  species  about  ^  =  90  degrees,  as 
inspection  of  Fig  3  will  confirm.  Again,  these  results 
are  in  agreement  with  those  obtained  from  theoret¬ 
ical  studies  of  the  structurally  analogous  PBO  pol¬ 
ymer  model  compounds  (3).  They  are  also  consist¬ 
ent  with  the  coplanarity  or  near-coplanarity  ob- 
sersed  for  the  PBO  model  compounds  in  the  crys¬ 
talline  state  (8). 

As  discussed  in  detail  elsewhere  (11),  both  the 
preference  for  the  coplanar  conformations  and  the 
shortness  of  the  C — C  rotatable  bond  (1.45  to  1.47 
A)  (8,  11)  in  these  species  relative  to  that  (1.53  .A) 
for  a  typical  C — C  single  bond  suggest  a  consider¬ 
able  degree  of  conjugation  between  adjacent  ring 
systems  in  these  chains.  The  variation  in  selected 
bond  lengths  and  atomic  partial  charges  with  4>' 
found  for  2,5-.A.APBO,  as  indicated  in  Table  1,  cor¬ 
roborates  this  conclusion.  Specifically,  with  rotation 


Tabt*  1.  Vanation  of  Saiactad  Bo«id  Langlha*  and  Partiaf 
Chargaa*  with  Rotaoen  a'  in  2,S-ABPBO.  Nutnaration  of  Atoms 
is  aa  Indicatod  m  fig.  3. 
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away  from  the  coplanar  conformation  (<i>'  =  0  de¬ 
grees)  the  lengths  of  bonds  C12-C14  and  C15-C16 
increase  while  those  of  bonds  N11-C12  and  C12- 
013  decrease.  These  changes  are  exactly  as  would 
be  predicted  based  on  the  reasonable  assumption 
that  conjugation  between  adjacent  ring  systems 
should  be  a  maximum  near  <i>'  =  0  degrees  and  a 
minimum  near  <t>'  =  90  degrees.  This  loss  in  conju¬ 
gation  concomitant  with  rotation  is  further  evi¬ 
denced  by  the  noted  changes  in  the  atomic  partial 
charges,  these  changes  the  result  of  a  shift  in  elec¬ 
tron  density  from  Cl 2  and  Cl 4  (i.e.,  from  the 
rotatable  bond)  to  Nil  within  the  ring  sy.stem. 

In  summary,  the  present  calculations  indicate 
preferences  for  non-planar  conformations  in 
AAPBO  and  for  planar  conformations  in  2.5- 
ABPBO.  These  conclusions  are  consistent  with  the 
liquid  crystalline  behavior  observed  for  2,5-ABPBO 
but  not  for  AAPBO  (4). 
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The  goal  ol  pnmar\  interest  in  these  investigations  was  the  development  of  novel  methods  lor  preparing 
elastomeric  neiworiis  having  unusualh  gj>oo  uliimate  properties  The  first  icchniuue  employed  involves 
endiinkinp  mixtures  ol  vers  short  and  rclaiivelv  long  funciionallv-termrnaied  chains  to  give  bimodal 
networks  Such  ( unfilled  i  elastomers  shov>  vers  large  increases  in  reduced  stress  or  modulus  at  high 
elongations  because  of  the  vers  limited  exiensihihtv  of  the  short  chains  present  in  the  networks  The 
second  techniduc  employs  the  in  uiu  preapiuiion  ol  reinforcing  silica  either  after  during,  or  hetorc 
network  lormaiton  The  reaction  involves  hvdroivsisof  tetraethvlorihosilicaie.  using  a  variety  ol  catalvsts 
and  precipiiaiion  conditions,  and  the  efieciiveness  of  the  lechnipue  is  gauged  bv  stresv>strain  measure¬ 
ments  carried  out  to  vield  values  of  the  maximum  extensibility .  ultimate  strength,  and  energy  ol  rupture  of 
inc  filled  networks  Inlormaiion  on  the  filler  particles  thus  introduced  is  obtained  (torn  densiiv  deiermina- 
(tons,  ligh  scattering  measurements,  and  electron  microscopy 


keywords 

model  network- 
bimodal  networks 
ultimate  properties 
network  reiniorcemeni. 
precipitated  silica, 
filler  particle  sizes 


1  INTRODl’CTlON 

Prepanng  an  ciasiomer  hv  cndiinking  polvmcr  chains  permits 
control  of  the  network  structure/  *  in  particular  the  network 
cnain  length  distnouiion.  One  important  result  of  this  new 
synthetic  versatility  is  the  ability  to  torm  bimodal  networks 
which  consist  ol  mixtures  of  very  short  and  relatively  long 
cnains  Such  bimodal  elastomers  have  been  prepared  from 
poiyidtmeihvlsiloxanel  fPDMS)  |-Si(CH,ibO-’)  and  found  to 
have  unusually  good  ultimate  propenics.  even  in  the  unfilled 
state,  as  IS  documented  in  the  present  review.  A  variery  of 
cxncnmcnial  studies  show'  that  this  imnrovemeni  in  properties 
IS  pnmanly  due  to  the  verv  limited  extensibility  of  the  short 
chains  present  in  the  networks  •  This  limited  extensibility  and 
its  effects  on  elastomenc  properties  arc  being  investigated 
using  a  non-Gaussian  theory  of  rubbcr*like  elasticity  based  on 
nerwork  distnbunon  funatons  generated  from  Monte  Carlo 
simulations  utilising  rotational  isomeric  state  information  on 
the  Chains  of  interest, 

Silica  may  be  prepared  by  the  hvdrolysis 

SifOCH0.*:H:O - ‘S\0:^4C,H.0H 

ot  letractnvionhosiiicatc  fTEOS),  in  the  presence  of  any  of  a 
vanerv  of  catalvsts  There  arc  three  tccnnioues  by  which  siiica 
tnus  prcapitaied  can  be  used  to  reinforce  an  elastomeric 
rnaien':!.  First  an  aircadv-cured  network,  for  example  pre¬ 
pared  from  PDMS.  mav  be  swoiicn  in  TEOS  and  the  TEOS 
nvoToivsed  in  siiu Aliemaiively .  hvdTOxyl-icrminated 
PDMS  may  be  mixed  w'lth  T*EOS.  which  then  serves 
simuuaneousH'  to  ictralunctionaliy  cndiink  the  PDMS  into  a 
ncTwork  structure  and  to  aa  as  a  source  of  SiO.-  upon 
nvoroivsis  Finally.  TBOS  mixed  w’Uh  vinyi-tcrmmaied 
PDMS  can  be  hydroivscd  topvc  a  SiO:*fillcd  polymer  capable 
o?  supseouent  cndhnking  by  means  of  a  muliifunctionai 
siiane  “  Some  mechanical  properties  of  typical  PDMS 
elastomers  reinforced  in  these  ways  are  desenned.  as  are 
results  on  the  average  size  size  distributiion.  and  extent  of 
aggiomeraiion  of  the  filler  panicles 

:  BIMODAL  NETWORKS 
2.1  Typical  experimental  results 

in  elongation  measurements,  the  elastomenc  auantiiy  of  pnm- 
144 


ary  interest  is  the  reduced  strcs.s  or  modulus^ 

na-a'‘)  fl) 

where/*®///*  is  the  nominal  stress./  the  equilibrium  elastic 
force.  /  *  the  undeformeo  cross-sectionaJ  area  of  the  sample, 
and  o=L/L  the  relative  length  or  elongation.  It  is  generally 
plotted  as  a  function  of  reciprocal  elongation  as  suggested  by 
the  semi-empiricai  equation  of  Mooney  and  *' 

Lri=2C.-r2C^-'  12) 

where  2C,  and  2C:  are  constants  inoepcndeni  of  elongation. 

Some  lymicai  isotherms  obtained  tor  bimodal  PDMS  networks 
arc  shown  in  Fig.  1.'  Of  particular  interest  here  arc  the  large, 
reversible  increases  m  modulus  observed  at  high  cioncaiions. 


2.2  Origin  of  improvement  in  properties 

The  observed  increases  in  modulus  represent  an  imr>ortani 
improvement  in  the  ultimate  strengtn  o:  an  ciasiomci.  and 
their  origin  is  tnerefore  of  considerable  interest  A  vanen  of 
cxDcnmcnial  studies*  •  ®  •'  are  relevant  in  this  regard  The 
effect  of  temperature  on  the  stress-strain  isotherms  is  of  par¬ 
ticular  importance  yvith  regard  to  tne  possibility  of  strain- 
inouced  crystallisation  in  the  network  Temperatures  were 
found  to  have  Imie  effect  on  tne  elongation  at  whicn  me  ur>tum 
in  [f'l  becomes  discernible,  the  elongation  at  rupture,  and  me 
magnitude  of  tne  increase  in  ['*’]  ‘  Tnese  results  thus  indicate 
that  the  anomalous  behaviour  is  not  due  to  strain-mouced 
crystaiiisation. 

Also  rcievant  here  are  lorcc-iemperaiure  Cmermoelastic'i 
results-  obtained  at  elongations  sufficiently  large  to  give  large 
inacascs  in  L^*]  in  the  stress-strain  isomerm  Such  curses 
show  no  deviations  from  linearity  which  could  be  attributed  to 
strain-induced  crvstaliisation  Similarly,  birctnngence- 
temperature  measurements  show  nn  non-lincantv  that  could 
be  atinbuted  to  crysuliisation.  or  to  other  intermolecuiar 
oroenngs  of  the  network  chains. 

Tne  most  sinking  evidence  involves  the  effect  of  swelling  on 
the  isotherms.  Results  on  unfilled  PDMS  networks  as  is  illustr¬ 
ated  in  Figs  2  and  3.”  snow  tnat  swelling  docs  not  dimmish  the 
upturns  in  modulus  and.  m  tact,  frequently  enhances  them 

BRITISH  POLYMER  JOURNAL.  VOL  17,  NO.  2  19c5 


C.3  C.i  0  7  O.S 


O' 

Fip  1  Sires'i—strain  isoiherm*.  C5*C)  >r>  the  Moonev-Rivlin  renrcsent^i- 
tion  lor  I  unfilled)  POMS  Dimoddl  nenfcorks  in  which  me  short  chains  nave  a 
numrier-avcraae  molecular  wcichi  of  hW.)  p  mo!'  .  and  the  lonp  chains 
,3  *  p  mo!''  '  tach  cur\e  is  lahtlied  with  the  mo!  of  short  chains 
prcveni  in  the  network  The  orsen  circles  locate  me  results  ooiained  usme  j 
senes  of  mcrcasinp  values  o!  the  cionpatmn  a.  and  filled  circles  me  results 
oniamed  oui  oi  sequence  to  test  tor  revcrsibilitv  The  short  extensions  of 
me  linear  portions  of  me  isotherms  help  locate  the  saiues  oi  a  at  which  me 
untum  in  firsi  oecomes  aisccrnibic  Tnc  linear  poruons  of  the 
rsotnermv  were  located nv  teasi*sauares anaivsis  ( kepnnted  trom  ref  o pv 
couriesv  of  Jonn  Wnev  6.  Sons.  Inc  i 


A  A 

A  « 

V 


0*  Ot  ae  lA. 

o" 


Fic  Z  The  effect  of  swelling  on  isotherms  f25*C)  for  unsw-olien  and 
swollen  tunfilfed)  PDMS  btmodai  nciwofKs  f22C’.  Ifi.SxlO  pmo!''tcon- 
uinmp  85  mot  Tr  of  the  snon  chains  •  Each  curve  is  labelled  with  the 
volume  fraction  v.  of  poivmer  present  in  the  network,  the  diluent  was  a 
linear  DMS  oligomer  having  S-11  repeat  units.  fRepnnied  from  ref  o  hv 
councsv  of  the  Amencan  Chemical  Soaei>.) 


}■ 


1.  : .  nr  nfc  ^  ri  d 


o' 


Fig  3  The  effect  of  swelling  on  isotherms  lor  tunfillcd)  PDMS  bimtidal 
netwoncs  containing  Vu  mol  of  the  short  chains:'  sec  legend  to  Fig  2 
fkepnnied  from  ref  9  pv  counesv  of  me  American  Chemical  Sociciv  < 

Similar  results  are  obtained  for  filled  PDMS  networks,  as  is 
shown  hy  me  results  presented  in  Ftc  4 

All  of  the  above  expenmenta!  results  indicate  that  the 
increases  in  [/’*)  are  out  to  an  intramolecular  effect, 
specifically  to  the  limited  cxiensibilits  of  the  ver\  short  net¬ 
work  cnains  ' 

2.3  Theoretical  interpretation 

Since  the  above  results  demonstrate  mat  the  upturns  m 
modulus  arc  due  to  limned  chain  exiensibiiiiv .  it  oecomes 


0*  Ofe  O.fc 


Fig  The  effect  of  swelling  on  isotherms  lor  tume  silica-filicd  bimodal 
networks  of  PDMS  f86C.  2;  3x  Kt*  g  mol'  ‘i  in  me  unswolicn  fHi  siaie  and 
swollen  (Si  with  n-ncxaOecancto  v.«0  ?  ''Tne  numbers  spccitv  the  mol  ^ 
of  short  Chuns  present  in  the  network.  Fumetd  i  silica  reiers  to  a  commer- 
oat  grade  preapitaied  from  the  vapour  pnase  f  kepnnted  from  ref  lObv 
councsv  of  John  Wiiev  6i  Sons.  Inc  I 
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Fij:  5  Isnihermi  tor  a  tunrmodal  unswolierti  PDNtS  ela&tomer 
(8  (J'*  10’ p  mol'M  which  was  siiica-rcmiorccd  h\  hvdroivsis  of  icira- 
eihviorinoMlicaie  fTEOSi  prescni  as  diluent  in  the  nciwork  ''The  reaction 
was  earned  out  at  53^<'  relaiise  humidits .  and  each  curve  is  labelled  with  the 
reaction  time  (Reprinted  irom  ref  P  h\  couriesv  of  Dr  Dietrich 
Sicinitopff  Veriap  ) 

impoTiam  lo  tmerpret  incm  m  termf.  of  a  non-Gausiian  theor> 
of  ruhber-iike  eiasiia!>.  A  recent  novel  approach"'’'  to  this 
problem  uiihses  the  wealth  of  information  which  rotational 
isomcnc  state  thcon*'  provioes  on  tne  spatial  conficuraiions  of 
cnain  molecules.  Spccificall) .  Monte  Girio  calculations  based 
on  the  rotational  isomenc  state  approximation  are  used  to 
simulate  spatial  conficurations.  and  thus  distribution  functions 
for  the  cnd-io-cno  seoaraiion  of  tne  chains  These  distnou- 
lion  functions  are  used  in  place  of  tne  Gaussian  function  in  the 
standard  three-chain  network  mode!-*  in  the  affine  limit  to  cive 
a  molecular  tneor>  of  rubber-liKe  eiastiaty  which  is  very  useful 
for  me  interpretation  of  elastomeric  properties  at  ntch 
elongations. 


u  i.e.  2*  2.C 


Fip  t  The  nominal  stress  shown  as  a  function  of  eloneaiion  tor  tne  same 
neiwoms  cnaracicnsed  in  Fip  5  In  this  represenuuon.  ihe  area  under 
each  curve  represents  the  enerjrs  £.  rcouired  lor  network  rupture 
fkepnnted  from  ref  17  bv  counesy  of  Dr.  Dietnch  Steinxopff  Veriag. ) 


3  SKT\^(>RKS  RFINFORCTJ)  B^  /V  SrTl' 

PkKt  IPI I  A1  \0\  OF  SILK  A 

3.1  After  crusMinking 

Figures  5  and  p show  typical  eumaaiion  isotherm'*  obtained  for 
F'O.MS  networks  reinforced  b\  sweliinc  with  Tl.OS  wmeh  wd** 
suPseuuentK  hvdrotvsed  in  <r/«  lo  give  siiic.i  filler  p.iriicie' 
Increase  in  reaction  time  is  seen  to  increase  tne  amouni  of  filler 
precipitated,  as  evidenced  hv  increasesin  moduli,  in  upturns  m 
moduli,  and  in  toughness 

3.2  During  crosslinking 

It  would  of  course  he  advantageous  if  the  in  siiu  precipiiation 
could  he  earned  out  simuUaneouslv  with  the  curing  reaction 
Filled  PDMS  networks  have  in  fact  been  prepared  in  this  wav . 
using  hydroxvl-terminated  chains  and  sufficient  THOS  tor 
both  the  endimking process  and  the  hydrolysis  reaction  to  form 
the  filler.  Isotherms  obtained  for  some  of  these  networks  are 
shown  in  Fig  ? 7*  Again,  very  gtH)d  rcinlorcemeni  is  seen  ic’ 
occur 

In  the  experiments  cned.^'  the  ratio  r  of  TEOS  ethoxv  groups 
to  PDMS  hvdroxvl  end  groups,  a  measure  of  the  excess  TLOS 
avaiiahie  for  hvdrolvsis.  ranged  from  1  f»  fo  l.Su  The  effect  of 
this  variable  on  the  weight  filler  precipitated  is  shown  in  Fig 
F  Estimates  oPiained  from  tne  densities  of  polvmer.  silica, 
and  filled  network  are  seen  to  he  smaller  than  those  obtained 
diTccth  from  the  increase  in  weight  of  tne  network  This  indi¬ 
cates  that  cither  the  filler  particles  have  not  oeen  compietelv 
converted  to  silica  or  the  particles  contain  a  signiiicani  numner 


o*  j.i  o.e  :C 


Fip  '■  Isotncrms  toi  PDMS  nciworks  ptcoAted  uvms  TEOS  tc' 
simuluneouso  endiink  bvoroivl-irrminaird  chainv  (21.vsKV  finiol'M 
and  lo  proviOe  fjiier  upon  lO  nsaroiviiv  For  umo  'v  i-7,  me  filler  mu^ 
incorporaieo  amounied  loO  U.  Z.2^  4  So.  6  '’5. 8  83  lU  h  and  14  n  wr  ‘.i . 
respeciivcis  Additional  inlormation  on  mese  samples  is  given  in  Figv  8 
and  V  fkepnnted  from  rel  2(i  b\  couness  of  tne  Amcncan  Cnemical 
Society  1 
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F-jp  >  ThrwT''.  fiUcr  nfccipiiated  »mhin  ihc  PDMS  neiwkoriks  shown  as  a 
tunciion  of  ihe  Icea  ratio  |C)C.H,J  lt)H  j  where  ihc  -OC-.H.  groups  arc 
on  ini-  Tt(>>  and  inr  -OFi  groups  arc  on  ir>c  ends  o(  the  poivmef  ”  The 
open  circles  srtow  me  rcsuiis  opiamcd  from  irse  chance  in  weight  oi  me 
poomcf  and  me  filled  circles  from  me  densiis  of  me  filled  neiwnrk  See 
leccnd  lo  Fip  '  (kepnnied  irt>m  ref  2u  Pv  couriess  or  me  American 
C  ncmical  Vwieis  i 


Pip  *•  Tne  efieci  of  the  Iced  ratio  on  the  energs  reouired  lor  network 
rupture  *  See  lecend  to  rit  *■  ( Reprinted  from  re:  2i' Ps  coune's  ot  me 
American  Cnemical  Socicti  . 

0*  'Old'  In  an\  case,  increase  tn  r  increases  the  amount  of 
filler  inirooucec  and.  as  snown  in  Fit  V.*'  increases  eiasiome: 
loucnness  i  as  measured  hv  tne  cnerg\  £.  reauircd  tor  rupture  j 


ifi  brief.  TPOSsnas  added  ic  sms  i- term  male  J  f’PMs  ani.:  tnen 
bvdriiivxed  l*>  Hive  p»»lvmer*filler  suvpenMnns  w  hicb  showt  J  n-  > 
sign*,  of  particle  agglomeration  or  setiiing  .^tier  ar'iriL  tne 
vi>»cou'  liquids  could  he  endnnhed  "itli  a  niuliiluncitonai  suant 
i(*  give  filled  elastomers  wit n  vers  goiKi  mccnanit;ai  properiic' 

3.4  ChamcierisalMm  of  the  filler  particles 

Transmission  electron  microscopv'*  and  light  scattering 
measurements'’  are  being  used  to  study  the  filler  particles  A' 
illustration,  an  eicciron  micrograph  for  a  PDMS  elastomer  m 
which  TEOS  had  been  hydroivsed  is  shown  in  Fig  iO  ''  The 
existence  of  filler  particles  in  the  network.  ongmalK 
hypothesised  on  the  basis  of  mechanical  properties.'*  is  cicari' 
confirmed  The  particles  have  average  diameters  of  approx- 
imateK  23(t  A.  which  is  m  the  range  of  particle  si/es  of  fillers 
typicailx  introduced  into  polvmcrs  in  the  usual  hiendmg 
techniques  The  dtstnhuiion  of  sizes  is  relatively  narroxs .  with 
most  values  of  the  diameter  falling  in  the  range  A 


Fig  10  Trammission  eicciron  micfocranh  at  a  mapnilicaiion  of  1 
tor  anmiiw/ filled  PDMS  network  coniainmc  ^  ■*  wt  Mier  '’Tneienpih 
of  me  oar  corresponds  u»  10fX.i  A  (Reprinted  irom  ref  Z2  pv  councsv  of 
John  Wiles  A  Sons.  Inc  i 


•Most  suikinci>.  there  is  virtually  none  of  Uie  aggregation  of 
pafucics  essentially  invanaNy  present  in  me  usual  ivnes  of 
filled  elastomers  Tncreiore.  incse  materials  snould  oe 
extremci'  useful  in  cnaraciensing  me  effects  of  aggregation, 
and  could  be  of  consioerahic  practical  importance  as  we!;  ■■ 
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3..*^  Before  crossiinking 

in  the  aPove  in  situ'  lecnniaues.  removal  of  the  byproduct 
CH.OH  and  unrcacted  TEOS  causes  a  significant  decrease  in 
volume .  wnten  could  he  disadvantageous  in  some  applications 
For  this  reason  a  lecnnique  was  developed  for  the  precipitation 
of  me  siiica  into  samples  of  PDMS  to  give  stable  polvmer-filler 
suspensions  which  remained  capable  of  being  endiinked.  sub¬ 
sequently.  with  no  substantial  changes  in  volume. 
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Effects  of  a  Magnetic  Field  Applied  during  the  Curing  of  a 
Polymer  Loaded  with  Magnetic  Filler 


INTRODUCTION 

Th*  efTccu  of  finely  divided  fUlen  on  the  propertie*  of  a  cnaelinlced  elcstomer  have  been 
studied  in  erienio  from  many  poinu  of  view.  Of  particular  intereat.  of  course,  is  the  marked 
improvement  in  mechanical  properties  frc<]ueotly  provided  by  certain  fillers.  In  such  filled 
systems,  anisotropy  of  mechanical  properties  can  arise  if  the  filler  particles  or  their  agglom¬ 
erates  are  asymmetric,  since  they  are  then  oriented  as  a  result  of  the  flow  of  the  uncrosslinked 
mu  during  the  mechanical  operations  of  forming  icalendering.  extrusion,  drawing,  or  molding!. 
In  fact,  fibrous  fillers  are  often  used  for  the  express  purpose  of  introducing  mechanical  an¬ 
isotropy. 

Rigbi  and  Jilken‘  studied  the  effects  of  a  magnetic  field  on  the  behavior  of  rubber  filled 
w-ith  a  ferrite  powder  and  cured  in  the  field-free  state.  Since  the  femte  was  randomly  dis¬ 
tributed  within  the  matrix,  no  directional  effects  were  observed,  nor  were  they  expected. 
Goldberg,  Hansford,  and  van  Heerden’  observed  linear  polarization  of  transmitted  light  by 
an  aqueous  ferrofluid*  between  two  microscope  slides,  and  showed  that  the  particles  of  fernte 
in  the  ferrofluid  (frozen  while  in  a  magnetic  field)  were  aligned  in  necklacelike  formations, 
as  predicted  by  de  Gennes  and  Pincus.^ 

This  preliminary  report  describes  a  first  attempt  at  obtaining  alignment  of  essentially 
spherical  filler  particles,  to  give  anisotropy  of  mechanical  properties  similar  to  that  obtained 
in  the  case  of  fibrous  fillers. 

EXPERIMENTAL 

The  filler  employed  was  an  extremely  fine  commercial  magnetic  powder  (MG-410  Magnaglo. 
prooably  a  magnesium  ferrite  with  very  little  residual  magnetism,  produced  by  the  Magnaflux 
Corp..  Chicago!.  The  particles  are  very  nearly  sphencal.  with  an  average  diameter  of  approx¬ 
imately  10  urn.  In  a  preliminary  experiment,  this  magnetic  filler  was  mixed  mto  a  low-viscosicy 
polydimethylsiloxane  (POMS)  having  a  number-average  molecular  weight  of  10~’.Vf,  =  13.0 
g  mol'!,  and  the  mixture  was  poured  into  an  aluminum  mold  placed  between  the  poles  of  a 
permanent  Alnico  macnet  having  a  field  strength  of  about  560  G.  The  particles  readily  mi¬ 
grated  toward  the  pc  -  of  the  magnet.  This  demonstrated  that  the  field  would  be  capable  of 
onentuig  the  particles  in  a  higher-molecular-weight  polymer  of  sufficiently  high  viscosity  to 
restrict  migration  of  the  particles  during  the  crosslinking  procedure.  Such  a  polymer,  having 
a  molecular  weight  of  lO-’Af.  =  266  g  mol*',  was  generously  provided  by  Dr.  C.  L.  Lee  of  tne 
Dow-Commg  Corporation.  A  soiuuon  of  the  polymer  in  ethyl  acetate  was  prepared,  and  me 
MG-410  powoer  was  well  mixed  into  it  with  a  suitable  amount  (1.3  wt  9oi  of  benzoyl  peroxioe. 
The  solution  was  poured  into  shallow  trays,  allowed  to  dry  in  air.  and  then  finally  subjected 
to  vacuum  for  4  h  to  eliminate  any  traces  of  solvent.  The  mastic  obtained  was  cured  in  an 
aluminum  mold  in  a  press  at  140*C  for  20  min.  and  then  at  160^  for  another  hour,  all  the 
time  in  tne  magnetic  fiald  supplied  by  the  permanent  magnet  described.  No  posicunng  treat¬ 
ment  was  given.  The  final  product  contained  about  31.5%  by  weight  of  magnetic  filler,  cal¬ 
culated  on  the  basis  of  the  solid  components  of  the  solutions.  This  corresponds  to  roughly  69r 
by  volume.  The  cured  sheet  was  allowed  to  rest  for  7  days,  after  which  rectangular  stnps  were 
cut  out  parallel  and  perpendicular  to  the  vector  of  the  magnetic  field.  Some  of  these  were 
used  In  equilibrium  swelling  studies,  and  others  in  elongation  measurements. 

In  the  swelling  test,'  benzene  was  used  os  the  solvent,  at  room  temperature,  and  the  increases 
in  sample  length  as  well  as  in  weight  were  recorded. 

*  Stable  suspension  of  magnetic  powder  m  a  liquid  earner.  Such  materials  are  produced, 
for  example,  by  Ferrofluidics  Corp..  Nashua.  NH. 
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RIGBI  AND  MARK 


TABLE  I 

Swelling  Equilibnum  and  Strese-Strain  Results 

Stnp  length  Swelling  equilibrium*  Elongation  moduli*  IN  mm 

relative  to  - 

magneuc  field  W/W,  L/L,  (/']  (o  «  1.1)  1  ^1— 

Parallel  2.58  1.35  0.61  0.96 

Perpendicular  2.44  1.25  O.IS  0.28 

*  Relative  increases  in  weight  and  length  of  strips. 

*  Values  of  the  reduced  stress  at  an  elongation  of  10%  and  at  the  maximum. 

Stress  strain  curves  were  obtained  at  26T^  using  techniques  described  elsewhere  The 
strips  had  a  cross  sectional  area  A  *  of  about  8  mm’  and  a  gauge  length  of  about  14  mm,  with 
about  22  miD  between  the  grips.  Samples  were  held  in  the  grips  between  two  thin  rubber 
sneets  to  minimise  slippage.  Prellminarv  investigation  showed  that  considerable  relaxation 
was  to  be  expected  under  tension.  It  was  therefore  decided  to  extend  the  strips  in  steps,  each 
within  15  s  of  the  previous  step,  and  to  read  the  force  two  minutes  later.  In  this  way,  the  data 
obtained  for  the  two  specimens  would  be  directly  comparable. 
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RESULTS  AND  DISCUSSION 

Tne  results  of  the  swelling  tesu  are  presented  in  columns  2  and  3  of  Table  I.  The  overall 
degree  of  swelling  is  given  by  tne  relative  increase  in  weight  H’/H',  Within  experimental 
error,  it  is  the  same  for  the  two  samples,  as  would  be  expected.  The  relative  increase  in  length 


0  7  o.e  os  1.0 

•  t 

a 

Fig  1  Reduced  stress  shown  as  a  funnion  of  reciprocal  elongation  for  filled  elastomeric 
strips  cut  parallel  and  perpendicular  to  the  magnetic  field  imposed  dunng  cunng. 
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L/L,  teems  to  be  larger  for  the  strip  cut  parallel  to  the  magnetic  field,  but  the  difference  is 
small,  presumably  because  of  solvent-induced  debonding  at  the  filler/ matrix  interface.’  In  any 
cate,  if  it  is  real,  the  larger  increase  in  length  for  the  parallel-cut  stnp  could  be  explained  by 
the  smaller  projected  area  of  the  filler  particles  in  relation  to  the  projected  area  of  matrix 
in  that  direction. 

The  stress-strain  data  were  treated  in  terms  of  the  reduced  stress*  (/*)  =  f/A  ‘(a  —  a*’), 
where  f  is  the  elastic  force,  ^4  *  is  the  undeformed  cross  sectional  area,  and  a  »  L/L,  is  the 
relative  length  or  elongation.  Values  are  shown  as  a  function  of  reciprocal  elongation  in  Figure 
1  The  isotherms  are  seen  to  be  very  different  from  those  usually  obtained,  which  almost 
invariably  have  a  constant,  positive  slope  in  the  region  of  low  to  moderate  elongation.*  '*  The 
results  obtained  from  the  present  samples  thus  represent  very  interesting  departures  from 
the  usual  behavior  of  elastomers,  filled  or  unfUled.**  Values  of  the  reduced  stress  at  a  >  1.10 
and  its  maximum  value  for  the  two  samples  are  given  in  the  last  two  columns  of  Table  I. 
They  show  the  highly  anisotropic  nature  of  the  reinforcement  obtained  in  the  presence  of  the 
magnetic  field.  For  example,  the  maximum  value  of  (/*]  for  the  stnp  cut  parallel  to  the  field 
exceeds  the  corresponding  value  for  the  perpendicular  stnp  by  a  factor  of  more  than  2! 

The  results  achieved  show  that  even  spherical  filler  particles  can  be  aligned  within  an 
elastomeric  material,  with  reinforcement  that  is  important  because  of  its  magnitude  and 
interesting  because,  of  its  anisotropy. 

It  is  a  pleasure  to  acknowledge  the  financial  support  provided  to  one  of  us  (J.  E.  M  l  by  the 
National  Science  Foundation  through  Grant  No.  DMR  79-18903-03  (Polymer  Program.  Division 
of  Materials  Research),  and  by  the  Air  Force  Office  of  Scientific  Research  through  Grant  No. 
AFOSR  83-0027  (Chemical  Structures  Program,  Division  of  Chemical  Sciences). 
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Reinforcing  Fillers 

Hydrolysis  of  Several  Ethylethoxysilanes  to  Yield 
Deformable  Riler  Particles 

Y.-P.  Nins.  Z.  Rigbi*,  and  J.E.  Mark 

Deoartmert  of  Chernistry  and  the  Polymer  Research  Center,  The  University  of  Cincinnati, 
Cincinnati.  Ohio  45221,  USA 


A  technique  is  devised  for  incorporating  organic  groups  in  filler 
particlei,  thus  giving  them  some  defonaability.  Hoped-for  increases  in 
toughness  were  not  obtained,  prestsiably  because  of  replacesent  of  seme 
surface  silanol  groups  by  less  reactive  organic  groups,  thus  decreasing 
filler-matrix  bonding  and  elastomer  reinforcement. 


Introduction 


A  series  of  recent  experimental  investigations  (1-9)  has  focused  on 
the  hydrolysis  of  tetrsetboxysilane  (TEDS)  lSi(OC,Ej)^]  to  give  filler 
particles  capable  of  reinforcing  elastoeseric  neeworis.  The  reactions  are 
typically  carried  out  within  a  TEOS-swollen  network  of  polyCeiaethylsilo- 
zane)  (.TXtS)  tad  yield  essentially  unagglomerated  particles  with 
ciaaeters  of  15C—Z50  i.  (7).  The  reinforcing  effects  of  these  fillers 
have  been  clearly  demons tgated  by  measurements  of  stress-strein  isotherms 
is  elongation  (1-5,6, 9),  tad  by  falling-dart  impact  tests  (6). 

It  is  conceivable  that  the  reinforcing  effect  could  be  enhanced  if 

the  filler  particles  could  he  given  some  degree  of  defemability  or 

toughness.  This  could  be  accomplished  by  the  retention  of  organic  groups 
in  Che  particles,  for  example  by  including  some  silanes  of  the  type 

(C.E,.)^  SKOC.Ej)  in  the  nydrolysis  reaction.  Of  primary  interest 

would  M  hyurdlysis  of  mixtures  of  TEOS  with  silanes  of  lover 
funrticnaliry  (i  •  3  end  2).  It  would  be  heped  that  the  effects  of  the 
particle  deformahilicy  thus  obtained  would  predominate  over  the  effects 
of  the  diminished  filler-PDbS  bonding  caused  by  the  decreased  number  of 
silanol  groups  on  the  particle  surfaces. 
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Tne  present  study  addresses  these  cnescions,  using  C'ne  hydrolysis  of 
TECS,  C,E,Si(OC.E^) j,  (C.E^) .Si(OC,E, ) ,,  and  eixtures  thereof. 
Eeasuremehts  cf  tae  ^efongatio'n 'moduli  an-  ultimate  properties  of  the  PCIiS 
networks  filled  in  this  way  are  used  to  evaluate  the  effectiveness  of  the 
reinforcement  obtained. 

Some  Exoerinectal  Details 

The  neCvc-k  was  prepared  from  vinyl-rerminated  poly(dimeth7lsilo- 
xane  (PQES)  chains  obtained  from  the  McCoan  NuSil  Corporation;  they  had  a 
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Precipitation  of  Reinforcing  Filler  Into  Polydimethylsiloxane  Prior 
to  Its  End  Linking  Into  Elastomeric  Networks 


INTRODUCTION 

Particulate  fillers  having  high  surface  area  are  much  used  for  the  reinforcement  of  elas¬ 
tomers.  a  classic  example  being  the  addition  of  carbon  black  to  natural  rubber.'  Another 
equally  important  example  is  the  addition  of  silica  (SiOjI  to  polydimethylsiloxane  (PDMS) 
( — SilCHjlj  O — ].^  which  would  otherwise  yield  elastomers  much  too  weak  for  most  appli¬ 
cations'-* 

Such  fillers  are  generally  blended  into  the  (uncrosslinked)  polymers,  which  are  invariably 
of  sufficiently  high  molecular  weight  (and  viscosityl  to  greatly  complicate  the  mixing  process 
For  this  and  other  reasons,*  methods  were  recently  developed  for  either  precipitating  silica 
into  already-formed  networks,  or  precipitating  it  simultaneously  with  the  curing  process  *-* 
The  reaction  is  the  simple,  catalyzed  hydrolysis  of  tetraethylorthosiiicaie  (TEOSi 


SilOCjH,).  -  2H,0  -  SiOj  -*-  4C,H,OH 


(11 


In  this  in  aitu  technique,  however,  removal  of  the  byproduct  C1.H..OH  and  unreacted  TEOS 
causes  a  significant  decrease  in  volume,  which  could  be  disadvantageous  in  some  applications 
The  present  investigation  was  undertaken  to  determine  a  practical  way  to  avoid  this  dif¬ 
ficulty.  The  specific  goal  was  the  precipitation  of  the  silica  into  samples  of  PDMS  to  give  stable 
polymer-filier  suspensions  which  remained  capable  of  being  end  linked,  subsequently,  with 
no  substantial  changes  in  volume 


EXPERIMENTAL 

Although  both  hydroxyl-terminated  and  vinyl-terminated  PDMS  have  been  end-linked  into 
highly  elastomeric  networks,  only  the  latter  could  be  used  in  this  siuoy  since  the  former  reacts 
»nth  TEOS.'t  Tne  two  vinyl-lerminaiec  polymers  cnosen  had  number-average  moiecuiar 
weights  of  5.5  X  10  and  13.0  x  10*  g  mo!"‘.  and  were  provided  by  the  McGhan  NuSil  Corp. 
Tne  catalysts*  tested  were  sodium  h.vdroxide.  acetic  acid,  zinc  acetate,  ethyiamine.  tnetnyl- 
amine.  and  EDTA  lethylene  diamine  tetraacetic  acid  tnsodium  salt  monohydrate!.  The  TEOS 
to  oe  hyoroiyzed  to  filler  was  obtained  from  the  Fisher  Co.,  and  aJi  reactions  were  run  at  room 
temperature 

Prelimmary  studies  conducted  in  aqueous  solutions  were  unsuccessful,  and  those  carried 
out  usmg  the  water  vapor  present  in  me  air  were  only  partially  successful.  Tne  best  results 
were  obtained  as  follows  Weigned  amounts  of  the  PDMS  and  TEOS.  a  small  amount  of  tne 
catalyst  stannous-2-ethyl  hexanoate.  and  a  magnetic  stirrmg  bar  were  placed  into  a  small 
oeaner  which  was  then  placed  (uncovered  1  into  a  larger  covered  lar  containmp  a  2-5  wt 
aoueous  solution  of  ethyiamine.  In  the  case  of  the  second  polymer,  a  protective  atmosphere 
of  nitrogen  was  also  employed.  Tne  stirred  PDMS-TEOS  mixtures  were  inus  continuously 
exposes  to  water -ethyiamine  vapor.  Sufficient  filler  was  precipitated  by  this  vecnnioue  tor 
the  mixture  to  become  cloudy  after  only  15  min.  Tne  reaction  was  allowed  to  proceed  for  2 
oays  at  room  temperature 

Tne  polvroer-filier  suspensions  prepared  in  this  way  were  dried  under  vacuum  for  several 
days;  they  showed  no  signs  of  particle  agglomeration  or  settling  Tne  resulting  viscous  iiquios 
were  weighed  and  then  end-linked"  with  SifOSifCHjijH],.  usmg  chioroplatinic  acid  as  c-otaiyst 
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F'ortinns  of  each  of  the  netwoms  were  used  in  elongation  experiments  u»  obtain  tne  stress- 
strair  isotherms  »t  25X'  The  eiaatomeric  properties  of  primary  interest  were  the  nominal 
str««s  '  *  f  A*  (Where  f  is  tne  e<]uiiit)rium  elastic  force  and  A*  the  undeformed  crons' 
•ectionai  area  and  tne  reduced  iireaa  or  modulur*^*'*  [/**)  =  /’•/to  -  o-*(  iwhere  a  *  L  'L, 
IS  tne  eionjtation  or  relative  lenfrth  of  the  strips  All  stress-strain  measurements  were  earned 
out  u*  the  rupture  points  of  the  sampler,  and  were  generally  repealed  in  part  U»  lest  for 
reproducibility 


RESULTS  AND  DISCUSSION 

The  amounts  of  filler  precipitated  into  the  two  poivmere  were  obtained  directly  from  the 
measured  increases  in  weight  For  the  two  samples  of  the  lower  moiecular  weight  polymer 
tne  amounts  were  3.3  and  10.2  wt  Cc.  and  for  the  oiner  29  7  and  62  (•  wt  Ci  Tneae  values  were 
actually  somewnat  larger  man  expected  from  complete  hydrolysis  of  the  TEDS,  indicating 
tnai  some  OC^Hi  groups  may  remain  in  tne  filler  or  water  moiecutes  may  be  absoroed  onto 
tne  filler  surfaces. 

Tne  stress-strain  isotherms  obtained  are  presented  in  Figure  1  The  data  are  shown  in  the 
usual  way.‘"  as  tne  dependence  of  the  reduced  stress  on  reciprocal  elongation.  As  is  frequently 
me  cpp**  for  filled  elastomers.'*^  some  of  tne  isotherms  did  not  exhibit  complete  reversibility 
In  any  case,  the  presence  and  efficacy  of  the  filler  are  demonstrated  Dv  tne  marxed  increases 
in  modulus.  In  me  case  of  the  higher  moiecular  weight  polymer,  the  increases  are  larger,  with 
marKed  upturns  at  the  higner  elongations  This  is  due  to  tne  larger  amounts  of  fiber  tnese 
samples  contain,  and  possibly  aiso  to  more  reactive  particle  surfaces  tsince  tnese  precipitations 
were  carried  out  under  nitrogen;. 


^1 
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Fig  1  Tne  reduced  stress  shown  as  a  function  of  reciprocal  elongation  for  the  two  senes 
of  filled  PDMS  netwonts  at  25*C.  Tne  circles  locate  results  obtained  using  polymer  ha\'mg  a 
moiecular  weight  of  5.6  x  10^  g  rool“b  and  the  triangles  a  moiecuiar  weight  of  13.0  x  10' 
Filled  symoois  are  for  results  obtained  out  of  sequence  to  test  for  reversibility,  and  each  cvp/e 
IS  labeliea  with  the  wt  of  fUier  present  in  the  network  The  vertical  oasned  lines  locale  the 
rupture  points 
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Fig.  2.  The  nominal  atreas  shown  as  a  function  of  elongation  for  the  same  networks 
characterized  in  Figure  1.  In  this  representation,  the  area  unaer  each  curve  corresponds  to 
tne  energj'  required  for  network  rupture. 


Figure  2  shows  the  data  of  Figure  1  plotted  in  such  a  way  that  the  area  under  each  stress- 
Etrain  curve  corresponds  to  tne  energy  £.  of  rupture. which  is  the  stanoaro  measure  of 
t  i^  w^mer  toughness.  1:  is  seen  that  this  simple  technique  can  easily  increase  the  toughness 
of  an  elastomer  by  a  factor  of  2  and  could  therefore  oe  of  consioerabie  practical  importance 

CONCLUSIONS 

Previous  methods  developed  to  precipitate  reinforcing  silica  either  into  alreaay-formed  elas¬ 
tomeric  networns  or  curing  the  curing  process  are  extenoed  to  permit  precipitation  into  a 
poivmer  prior  u:  its  crosshnking  This  modification  avoids  significant  changes  in  volume  curing 
or  after  curing  wmen  couid  oe  disadvantageous  in  some  applications 
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The  elasticity  associated  tfith  rubberlike  materials  is 
very  different  from  that  exhibited  by  atomic  or  low 
molecular  weight  substances  such  as  metals,  crystals, 
and  glasses.*’^  In  particular,  the  extensibility  of 
"eiasiomers'  is  much  higher,  frequently  amounting  to 
well  over  lOOOSi:.  Most  strikingly,  such  high  deforma¬ 
tions  are  generally  completely  recoverable.  The  way 
this  recoverability  is  achieved,  however,  is  the  main 
source  of  the  problems  encountered  in  characterizing 
rubberlike  materials  and  in  developing  useful  struc¬ 
ture-property  relationships.^* 

Specifically,  elastomers  consist  of  poitTner  chains  and 
the  extraordinarily  large  numbers  of  spatisd  arrange¬ 
ments  such  molecules  can  exhibit  is  the  origin  of  their 
ver>-  high  extensibiliu'.'"’  Achieving  recoverability  re¬ 
quires  preventing  the  chains  from  irreversibility  sliding 
by  one  another,  and  this  is  accomplished  by  joining 
different  chains  with  *■  cross-links’',  as  is  illustrated  in 
Figure  !.•’  Relatively  few  are  required,  with  a  typical 
degree  of  cross-imkmg  invoKing  only  one  skeietaJ  atom 
out  of  approximately  200.  The  techniques  generally 
used  to  introduce  cross-links  are  peroxide  thermolysis, 
high-energy  irradiation,  and  sulfur  addition  to  skeletal 
or  side-chain  unsaturation.'  All  are  statistical  processes, 
and  the  num'ber  of  cross-links  thus  introduced  and  their 
placements  along  the  chains  are  uncontrolled  and  es¬ 
sentially  unknown.  Furthermore,  their  introduction 
into  the  material  makes  it  intractable  in  that  it  is  no 
longer  soluble  in  any  solvent.  The  numerous  standard 
characterization  techniques  based  on  measurements  on 
isolated  chains  in  solution'  are  therefore  categorically 


A  txographicat  sKetch  of  tne  author  was  pubhshed  earlier,  tn  Acc .  Chem . 
Aas .  1974.  T .  216.  anc^  1979.  12 .  49.  He  is  toendtng  the  1985-1966  aca¬ 
demic  y^ar  at  the  IBM  Research  Laboratory  in  San  Jose.  CA. 


inapplicable.  Thus,  the  very  process  of  forming  the 
required  network  structure  thwarts  its  characterization. 
It  is  the  lack  of  reliable  structural  information  that  is 
the  problem  in  obtaining  structure-property  reiation- 
s'nips  in  the  area  of  rubberlike  elasticity. 

Now,  however,  it  is  possible  to  prepare  "moder 
elastomeric  networks,*”’"  which  are  materials  prepared 
in  a  way  that  provides  indepiendent  information  on  their 
structures.  An  important  example  is  reaction  1  in  which 


4H!>v/^0h  - 


\  / 


HC’^^0 


-  4Ct0h  (1) 


■O. 


OK — OH  represenus  a  hydroxyl-terminated  chain  of 
poiy(dimethyisiioxane)  (PDMS)  ;-Si(CH3ijO-]."  In 
this  approach,  some  solution  characterization  technique 
such  as  gel  permeation  chromatography  is  first  used  to 
obtain  the  number-average  moiecuiar  weight  of  the 
uncross-iinked  chains  and  the  distrinution  about  this 
average.  Then  carrying  out  the  above  reaction  so  as  to 
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Figure  1,  A  i>pic«l  tetrafunctional  elaatoinaric  network,  with 
tne  filled  circles  repreaentinp  the  croas-lmka. 

exhaustively  react  all  the  hydroxyl  groups  yields  a 
tetrafunctional  network  in  which  the  very  important 
molecular  weight  between  cross-links  is  Also, 
the  distribution  of  is  the  same  as  that  of  M„.  and 
the  functionality  ©  of  a  cross-link  (the  number  of  chains 
attached  to  it)  is  simply  the  functionality  of  the  end¬ 
linking  agent.  Network  functionalities  other  than  four 
can  be  obtained  by  using  nnyl-terminated  chains  with 
a  multifunctional  sLiane.^*  For  example,  reaction  2,  can 


be  used  to  form  a  hexafunctional  PDMS  network. 
These  and  similar  reactions,  on  side  groups  as  weU  as 
chain  ends,  have  now  been  used  to  preptire  model 
networks  from  a  variety  of  polvmers  including  poly- 
isobutylene.'^  ci5-1.4-polybutadiene,'^  polyoxides  tend 
linked  into  polyurethanes  with  triisocyanates),*  and 
polvTuers  containing  acetyiacetonate  (acaci  side  groups 
cneiation  cross-linked  with  metal  atoms  leq  3).'*  Tne 

^V^^/VN^^/V\A/WWVW^A 

ocac  aCQc 

2  ^S^VVSA^VVVVWVV'I^  (3) 

Qcac  ocac  acac  qcqc 

use  of  such  materials  of  known  structure  in  the  eluci- 
oation  of  molecular  aspects  of  nibberlinke  elasticity  is 
the  main  theme  of  the  present  review. 

A  second  area  has  a  similar  purpose,  but  with  regard 
to  much  more  complex  elastomeric  materials.  In  most 
applications,  elastomers  are  filled  with  particulate 
substances  of  high  surface  area  in  order  to  improve  their 
strength  and  other  mechanical  properties.'*-"  Such 
reinforcing  fillers  have  invariably  been  introduced  by 
blending  them  into  the  polymer  prior  to  its  being 
cross-linked.  Obtaining  uniform  dispersions  is  exceed¬ 
ingly  difficult,  particularly  since  the  fillers  are  genertilly 
highly  agglomerated,  the  polymer  is  invariably  of  very 
high  viscosity,  and  premature  gelation  frequently  occurs 

(16)  Booitftra.  B.  B.  Polymer  1979.  20.  691. 

(iT)  R«rpi  7.  AdL.  Poiym.  Sci.  1980.  36.  21. 


liecause  of  pKiW-mer  adsorption  onto  the  filler  particles"' 
For  this  reason,  techniques  have  now  l»een  developed 
for  generating  filler  particles  in  situ,  lor  example,  by  the 
catalyzed  hydrolysis  leg  4)  of  tetraethyl  orthosilicate 

Si(OEt)4  +  2HjO  —  SiOs  +  4EtOH  (4) 

(TEOS).'®-"^*'  In  this  way  it  has  been  possible  to 
obtain  model  filled  systems  in  which  the  particles 
formed  are  quite  uniform  in  size  and  are  essentially 
unagglomerated.  These  materials  of  controlled  and 
knowm  filler  characteristics  thus  provide  a  very  complex 
but  imgionant  analogue  to  the  unfilled  model  elastom¬ 
ers  of  known  network  structure. 

Testing  of  Molecular  Theories 

All  of  the  molecular  theories'-^’^"*'’  predict  the  re¬ 
duced  stress  or  modulus  [f*]  of  an  elastomeric  materia) 
to  be  proportional  to  the  number  «'  of  network  chains 
ti.e..  chains  extending  from  one  cross-link  to  the  next). 
It  should  thus  also  be  directly  proportional  to  the 
cross-link  density  and  inversely  proportional  to  the 
average  molecular  weight  of  these  chains.'-^*  The 
proportionality  factor  is  predicted  to  be  a  constant  for 
affine  deformations,  in  which  the  cross-links  move  lin¬ 
early  with  the  macroscopic  dimensions  of  the  sample. 
It  is  also  predicted  to  be  a  constant,  albeit  generally 
considerably  smaller,  for  ■‘phantom"  networks,  in  which 
the  chains  can  transect  one  another  and  the  cross-links 
can  fluctuate  freely.*^"**  Because  of  the  fluctuations, 
tne  deformation  of  a  phantom  network  is  very  nonaf- 
fine.  F urthermore,  it  is  the  direaional  character  of  the 
fluctuations  in  the  deformed  state  that  diminishes  tne 
elongation  experienced  by  the  chains  and  thus  tne 
modulus.^''"''*-"  The  closeness  with  which  a  real  net¬ 
work  approaches  the  affine  limit  depends  on  the  firm¬ 
ness  with  which  the  cross-links  are  embedded  within 
the  network  structure  by  chain-cross-link  entangling. 
Since  elongating  a  network  stretches  out  its  constituent 
chains,  the  entangling  and  degree  to  affineness  decrease, 
with  a  corresponding  decrease  in  modulus.  This  has 
been  observed  in  a  wide  variety  of  experimental  in¬ 
vestigations.^'-^ 

Tne  entangling  around  the  cross-links  increases  as  the 
network  functionality  0  increases,  and  theor>-  thus 
predicts  that  increase  in  ©  should  mcrease  [f*].^^‘“  It 
also  predicts  that  [f*]  should  change  less  with  elonga¬ 
tion  a  since  the  more  chains  emanating  from  a  cross¬ 
link.  the  less  pronounced  its  fluctuations.  Elxperimental 
studies  on  model  networks  covering  a  range  in  41  have 
confirmed  both  of  these  expectations.’-" 

FLnowledge  of  permits  direct  estimate  of  the  mc-- 
dulus.  There  is -generally  good  agreement  between 
theory  and  experiment, which  suggests  that  in¬ 
ter-chain  entanglements  such  as  the  one  showm  in  the 

(18)  MaiIl  J.  £.;  Pan.  S.-J.  Makromol.  Cnem.,  Rapid  Commun.  1982, 
3.  681. 

(19)  Jian;:.  C.-Y.:  Mark.  J.  E.  Makromol.  CRem.  1984,  185.  2609. 

(20)  Marik,  J.  £,;  Jian^.  C.*Y.;  Tang,  M.-Y'.  Macromoieeuies  1984, 17, 
2613. 

(21)  King.  V.-P.;  Mark.  J.  E.  J.  Appi  Poiym.  Sci.  1985,  30,  000. 

(22)  Fior>‘.  P.  Proc.  R.  Soc.  London.  Ser.  A  1976.  351.  351. 

(23)  Erman.  B.;  Fior>\  P.  J.  J.  Cnem.  Pnys.  1978.  66.  5363. 

(24)  F)or>‘.  P.  J.:  Erman.  B.  Macromoieeuies  1982,  IS,  800. 

(25)  Fior>‘,  P.  J.  Poiym.  J.  (To^vo)  1985,  17,  1. 

(26)  Marlu  J.  £.  Ruboer  Cnem.  Technol.  1982.  55,  762. 

(27)  Ronca.  G.;  Aliegra.  G.  J.  Cnem.  Pnys.  1975,  63.  4990. 

(28)  Mark.  J.  E.  huboer  Cnem.  Technol.  1975.  48  ,  495. 
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Figure  2.  A  network  having  a  bimodal  distribution  of  network 
cnain  lengths.*  The  verv'  short  polymer  chains  are  arbitrarily 
represented  by  heavy  lines  and  the  relatively  long  chains  by 
thinner  lines, 

lower  righ-hand  corner  of  Figure  1  do  not  contribute 
significantly  at  elastic  equilibrium.  There  are  dis¬ 
agreements**"^'  in  this  area,  however,  and  this  issue  has 
not  yet  been  resolved  to  everyone’s  satisfaction. 

Bimodal  Networks 

End  linking  a  mixture  of  very  short  and  relatively 
long  chains  gives  a  bimodal  network,  as  is  shown 
schematically  in  Figure  2.^  The  first  application  of  such 
networks  was  in  the  testing  of  the  “wieakest  link”  theory, 
in  which  it  is  assumed  that  rupture  of  an  elastomer  is 
initiated  by  the  shortest  network  chains  (because  of 
their  very  limited  extensibility!.^  *  Bimodal  networks 
containing  a  relatively  small  but  significant  number  of 
very  short  chains,  however,  did  not  show  any  decreases 
in  ultimate  properties.  The  strain  is  apparently  reap¬ 
portioned  inonaffinelyl  within  the  network  so  as  to 
Ignore  as  long  as  possible  the  difficultly  deformable 
short  chains.  It  is  thus  the  (implicit!  assumption  of  an 
affine  deformation  that  is  the  error  in  tne  weakest  link 
concept. 

An  important  bonus  is  obtained  if  very  large  numbers 
i~95  mol  Tc!  of  short  chains  are  incorporated  in  a 
bimodal  network  Specifically,  the  networks  are  found 
to  have  both  high  ultimate  strength  and  high  extensi¬ 
bility.  which  means  they  are  unusually  tough. Ap¬ 
parently  the  short  chains  give  high  values  of  the  mc-- 
duius  and  ultimate  strength  because  of  their  very  lim¬ 
ited  extensibility,  and  the  long  chains  somehow  delay 
the  growth  of  tne  rupture  nuclei  required  for  cata¬ 
strophic  failure  of  the  sample. 

It  is  also  possible  to  prepare  bimodal  networks  which 
are  spatially  as  weL  as  compositionally  heterogeneous, 
as  is  illustrated  in  Figure  3.*  This  is  done  by  prer¬ 
eacting  the  short  chains  to  form  heavily  cross-linked 
clusters  which  are  then  joined  to  the  long  chains  in  the 
second  step  of  the  process.®"  Such  networks  could  serve 
as  models  for  elastomers  cured  with  peroxides  wnich 
are  not  totally  miscible  with  the  elastomeric  matrix. 

Non-Gaussian  Theory 

Since  it  was  concluded  that  the  increases  in  modulus 
and  ultimate  strength  are  due  to  limited  chain  exten- 

(29)  ViUet,  E.  M.;  Macotko.  C.  W.  Uocromoieculet  1979.  12.  673. 

(30)  Peanon.  D.  S.;  Graeiaiey.  W.  W.  Maeromoiecuiet  1980. 13. 1001. 

(31)  Meyen.  K,  0.;  Bv*.  M.  L.;  Merrill.  E.  W.  Maeromoiecules  1980, 
13.  1045. 

(32)  Mark.  J.  E.;  Andrady.  A.  L  Rubbrr  Chem.  Teehnol.  1981. 54.  366. 


Figure  3.  A  bimodal  network  which  is  apatially  aa  well  as  com- 
poeitionally  heterogeneous  with  respect  to  chain  length.* 


Figure  4.  Tne  poly(dimethvlBiloxane)  chain,  illuatrating  how 
typical  conformations  have  different  energies  and  frequencies  of 
occurrence  because  of  the  different  interactions  they  engender 
lafler  ref  33i. 


sibility.  it  became  important  to  try  to  interpret  these 
results  in  terms  of  a  non-Gaussian  theory  of  rubberlike 
eiasticity.  The  novel  approach  taken  utilized  the  wealth 
of  information  which  rotational  isomeric  state  (RIS) 
theory®"  provides  on  the  spatial  configurations  of  chain 
moiecuies.  Comparisons  between  theoretical  and  ex¬ 
perimental  values  of  properties  dependent  on  the  spa¬ 
tial  configurations  of  the  chains  give  the  energies  for 
the  permitted  conformations,  some  of  which  are  showp 
for  the  PDMS  chain  in  Figure  4.  Specifically.  Monte 
Carlo  caicuiations  bsised  on  the  RIS  approximation  were 
used  to  simulate  spatial  configurations,  and  thus  dis¬ 
tribution  functions  for  the  end-toend  separation  r  of 
the  chains.®*  Tnese  distribution  functions  are  used  in 
place  of  the  Gaussian  function  in  the  standard  three- 
chain  network  mode!"  in  the  affine  limit  to  give  a  mc- 
iecuiar  theory  of  rub'perlike  elasticity  which  is  unique 
to  the  particular  polymer  of  interest.®''’"®’  Most  im¬ 
portant.  It  is  applicable  to  the  regions  of  very  large 
deformation  where  iimiied  chain  extensibility  gives  rise 
to  elastomeric  properties  significantly  different  from 
tnose  m  the  Gaussian  limit.  One  important  result  is  an 
improved  understandmg  of  the  increases  in  modulus 
observed  in  short-chain  networks  at  very  high  elonga¬ 
tions. 


Interpenetrating  Networks 

If  two  types  of  chains  differ  in  their  end  groups,  it  is 
possible  Bimutianeously  to  end  link  them  into  two 
networks  that  interpenetrate®®-®'  one  another.  Such  a 
network  could,  for  example,  be  made  by  reacting  by- 


(33)  Flon*.  P-  J-  *StJitiBUcal  Mechanics  of  Cham  Molecules*;  Wiley- 
Intcrscience;  New  Vork.  1969- 
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(38)  Sperling,  L.  H.  "Interpenetratmfr  Polymer  Networks  and  Related 
Materials*;  Pjenum  Press;  New  York.  1981. 

(39)  Fnach.  K-  C,;  Kiempner,  D.;  Frisch,  H.  L.  Poivm.  Enf.  Set.  1982, 
22,  1143. 
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Ficure  5.  A  bimodal  inierpenetralinf;  network,  in  which  the 
shon-chain  croas-hnks  are  repreaented  by  fill-  a  circiea  and  tne 
iong-chain  ones  by  open  circles. 


lal  Excels  ditunctional  chains 


Fipure  6.  Two  methods  for  prepannp  networks  havmc  Qanglmp 
cnains  of  knosvn  ienplh.  present  in  Known  concentration 

droxyl-terminaied  PDMS  chains  with  tetraethylorthc^ 
sOicate  while  reacting  vinyl-terminated  PDMS  chains 
with  a  multifunctional  silane.^  A  bimodal  network  of 
this  tt^pe  is  showm  in  Figure  5.  Interpenetrating  net¬ 
works  in  general  can  be  very  unusual  with  regard  to 
both  equilibrium  and  dynamic  mechanical  proper- 
ties 

Dangling-Chain  Networks 

Mechanical  properties  can  be  adversely  affected  by- 
network  irregularities  such  as  dangling  ends  (cnains 
attached  to  the  network  at  only  one  end).^'-^*  and  it  is 
therefore  very  important  to  characterize  their  effects. 
Model  networks  containing  dangling  chains  of  known 
lengths  and  concentrations  can  be  prepared  in  several 
ways,  two  of  which  are  shown  in  Figure  6.  If,  during 

(40)  Mark,  J.  E.;  NinR.  Y  -P.  Polym.  Enf.  Sci.  1985.  25.  000. 

(41)  Andrady,  A.  L.;  Llorenu.  M.  A.:  StiaraJf,  M.  A.;  RahalicAr.  R.  R.; 
Mark.  J.  E.;  Sullivan.  J.  L.;  Yu.  C.  U.;  Falender.  J.  R.  J.  Appl.  Poivm.  Sci. 
1981.26.  1829 

(42)  Jiang.  C.-Y.:  Mark.  J.  E.  Prepr..  Div.  Po/vm.  Chem.,  Inc.  1983.  24 
(2).  9? 


FiRure  7.  Cyclics  trapped  by  Unear  chaina  which  passed  through 
tnem  prior  to  being  end  Unked  into  a  tetrafunctiona)  network.^ 

the  end-linking  process,  more  difunctionaJ  chains  are 
present  than  is  required  to  react  with  all  the  functional 
groups  on  the  end-linking  molecules,  then  the  known 
excess  number  of  chain  ends  is  equal  to  the  number  of 
dangling  ends.  In  this  method,  the  dangling  chains 
must  of  course  have  the  same  average  length  as  the 
elastically  effective  chains.  The  second  method  over¬ 
comes  this  limitation  by  the  inclusion  of  monofunctional 
chains  of  any  desired  length.  In  this  way  the  dangling 
chains  can  be  either  much  shorter  or  much  longer  than 
the  elastically  effective  chains.  A  mixture  of  dangling 
chain  lengths  can  also  be  introduced  as  is,  in  fact,  shown 
in  the  lower  portion  of  Figure  6. 

Studies^*-^'  of  the  mechanical  properties  of  such 
networks  show  that  dangiing-chain  irregularities  do 
significantly  decrease  ultimate  properties,  as  should  be 
expected. 


clnd-linking  functionally  terminated  chains  in  the 
presence  of  chains  with  inert  ends  yields  networks 
tru-ough  which  the  unattached  chains  “reptate”.^^*^ 
Networks  of  thi.s  type  have  been  used  to  determme  the 
efficiency  with  which  unattached  chains  can  be  ex¬ 
tracted  from  an  elastomer,  as  a  function  of  their  lengths 
and  the  degree  of  cross-linking  of  the  network.  Tne 
efficiency  was  found  to  decrease  with  increase  in  mc>- 
iecuiar  weight  of  the  diluent  and  with  increase  in  degree 
of  cross-iinking.^^-*^  as  expected.  It  was  also  found  to 
be  more  difficult  to  extract  diluent  present  during  the 
cross-linking  than  to  extract  the  same  diluents  absor'ped 
into  the  networks  after  cross-linking.  Such  comparisons 
can  provide  valuable  information  on  the  arrangements 
and  transport  of,  chains  within  complex  network 
structures. 

It  was  tilso  found  that  if  relatively  large  PDMS  cyclics 
are  present  when  linear  PDMS  chains  are  end  linked, 
approximately  one  quarter  are  permanently  trapped  by 
one  or  more  network  chains  threading  through  them, 
as  is  shown  in  Figure  7.^^  It  should  be  possible  to 
correlate  the  fraction  of  a  cyclic  trapped  with  its  ef¬ 
fective  “hole’'  size,  as  estimated  from  Monte  Carlo  sim- 

(43)  Mark.  J.  E.;  Zharif;.  Z.-M.  J.  Poivm.  Sc;.,  Poivm.  Phvs.  Ed.  1983. 
21.  1971 

(44)  Gurrido,  L.;  Mark.  J.  E.  J.  Poivm.  Sci..  Poivm.  Phvt.  Ed.  1985. 
23.  000. 

(45)  Garrido.  L.;  Mark.  J.  E.;  Ciaraon.  S.  J.:  Semlven.  J.  A..  Poivm. 
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Fiifure  8.  Preparation  of  a  “chain  mail'  network,  not  having  any 
croaa-linka  at  all.  Linear  chains  paasmg  through  the  cyclics  are 
difunctionally  end  linked  to  form  senes  of  inlerpenetralmg  cyclics. 
which  would  be  a  gel.** 

ulations“  of  ita  spatial  configurations. 

It  may  also  be  possible  to  use  this  technique  to  form 
a  network  having  no  cross-links  whatsoever.  Mixing 
linear  chains  with  large  amounts  of  cyclic  and  then 
difunctionally  end  linking  them  could  give  sufficient 
cycbc  interlinking  to  yield  an  “Olympic"  or  “chain  mail* 
network,  as  is  illustrated  in  Figure  8.  Such  materials 
could  have  highly  unusual  equilibrium  and  dynamic 
mechanical  properties.  Attempts  to  prepare  some  are 
in  progress. 

Elastomers  Filled  in  Situ 

There  are  three  techniques  by  which  silica  can  be 
precipitated  into  an  elastomeric  material.  First,  an 
already-cured  network,  for  example,  prepared  from 
PDMS,  may  be  swollen  in  TEOS  and  the  TEOS  hy¬ 
drolyzed  in  situ.*®  '^'^  Alternatively,  hydroxyl-termi¬ 
nated  PDMS  may  be  mixed  with  TEOS,  which  then 
serves  simultaneously  to  tetrafunaionally  end  link  the 
PDMS  into  a  network  structure  and  to  act  as  a  source 
of  SiO-  upon  hydrolysis. Finally,  TEOS  mixed  with 
vinyl-terminated  PDMS  can  be  hydrolyzed  to  give  a 
SiO;-filled  polymer  capable  of  subsequent  end  linking 
by  means  of  a  multifunctional  silane. 

Stress-strain  isotherms  obtained  on  in  situ  filled 
PDMS  show  the  presence  and  efficacy  of  the  fiDer:  this 
is  demonstrated  by  the  large  increases  in  modulus,  with 
marked  upturns  at  the  higher  elongations. There 
are  also  large  increases  in  the  energy  of  rupture, 
which  is  the  standard  measure  of  elastomer  toughness. 
Increase  in  percent  filler  generally  decreases  tne  max¬ 
imum  extensibility  a,  but  increases  the  ultimate 
strength.  The  latter  effect  predominates  and  E.  in¬ 
creases  accordmgly.  In  some  cases,  extremely  large 
levels  of  reinforcement  are  obtained.  Such  networks 
behave  nearly  as  thermosets,  with  some  Drittleness 
(small  a,),  but  with  extraordinarily  large  values  of  the 
modulus  [f*].** 

Transmission  electron  microscopy'*"  and  light  scat¬ 
tering  and  neutron  scattering  measurements*®  are  being 
used  to  study  the  filler  particles.  As  illustration,  an 
electron  micrograph  for  a  PDMS  elastomer  in  which 
TEOS  has  been  hydrolyzed  is  shown  m  Figure  9.*'  The 

(46)  Mark.  J.  E.  In  “Proceeding  of  the  Second  International  Confer¬ 
ence  on  Ultraatructure  Proccaainf!  of  Ceranwa.  Glaaeea.  and  Compoeitec', 
Hench.  L.  L..  Ulrich.  D.  R..  Eds.;  Wiiei-:  New  York.  1906. 

(47)  Ning,  Y’.-P.;  Tang.  M.-Y'.;  Jiang.  C.-Y'.;  Mark.  J.  E.;  Roth,  W.  C. 
J.  Appl.  Poiym.  Sci.  19S4.  29,  3209. 

(48)  Schaefer.  D.  W.;  Ning.  Y’.-P.;  Sur,  G.  S.;  Mark.  J.  E..  unpubliahed 
reaulu. 


Figure  9.  Transmission  electron  micrograph  for  a  polyfdi- 
methylsiloxane)  network  containing  34.4  wt  %  SiOj  filler  intri.- 
duced  by  the  in  situ  hydrol.vsis  of  tetraethyl  orthosiiicate.*’  The 
length  of  the  bar  in  the  figure  corresponds  to  1000  A. 

existence  of  filler  particles  in  the  network,  originally 
hyTJothesized  on  the  basis  of  mechanical  properties,*® 
is  clearly  confirmed.  The  particles  have  average  diam¬ 
eters  of  approximately  250  A.  which  is  in  the  range  of 
particle  sizes  of  fillers  lyTjically  introduced  into  poly¬ 
mers  in  the  usual  blending  techniques.*®’*’  The  dis¬ 
tribution  of  sizes  is  relatively  narrow,  with  most  values 
of  the  ditimeter  falling  in  the  range  200-300  A.*’ 

Most  strikingly,  there  is  virtually  none  of  the  aggre¬ 
gation  of  particles  essentially  invariably  present  in  the 
usual  types  of  filled  elastomers.  These  materials  should 
therefore  be  extremely  useful  in  characterizing  the  ef¬ 
fects  of  aggregation  and  could  be  of  considerable 
practical  importance  as  well.* 

Concluding  Remarks 

Preparing  and  studying  “mode’’  elastomers  having 
controlled  and  known  network  structures  is  seen  to 
provide  a  great  deal  of  valuable  molecular  information 
on  rubberlike  elastioty.  Additional  advantages  include 
the  preparation  of  unusually  tough  elastomers  and 
materials  of  possibly  unique  equilibrium  and  dynamic 
mechanical  properties.  Analogous  techniques  for  ob¬ 
taining  model  fiDed  systems  could  well  be  equally  re¬ 
warding. 
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Office  of  Scientific  Research  through  grant  AFOSR  83-0027 
(Cnemical  Structures  Frogram.  Division  of  Chemical  Sciences). 
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Curing  hydrojry’l-tertnxnated  chains  of  rol  v(  dime  thvlsil  oxane )  is 
achieved  by  reacting  therr.  with  tetraethoxvsilane .  vinyltriethoxysilanc , 
me  thy 1  trie thoxys i lane ,  and  phcnyltricthoxvsiiane,  with  excess  amounts  of 
the  silanes  hydrolyzed  ir-situ  to  filler  particles.  When 
triethoxysilanes  are  usee,  the  vinyl,  methyl,  and  phenyl  groups  must  be 
part  of  the  filler  particles  and,  in  at  least  some  cases,  the  resulting 
reinforcement  is  better  than  tnat  given  by  the  silica  particles  obtained 
from  the  (unsubstituted)  tetracthoxysiianc . 

Ir.:roci.!Cti  or. 


In  an  earlier  study  (1),  an  attempt  was  made  to  obtain  deformable 
iil.er  narticics  by  hydrclysis  of  mixtures  of  tetraethoxysiiane  (TEDS'* 
with  ethyltrietnoxN’siiane  and  cicthyldiethoxysilant.  A  sequential 
process  was  used,  with  vinvl-tcrr.inated  chain?  of  poly(dimethylsiloxanc) 
(PDMS)  first  being  end  linked  into  a  network  structure,  followed  by  its 
swelling  in  the  silane  mixture,  and  the  hydrolysis  of  the  silanes  to  give 
filler  particles  (1-1*.^.  The  technique  was  nor  very  successful  in  that 
tne  resulting  filled  networxs  did  not  have  unusually  good  ultimate 
propert les . 

This  approach  is  nodifiec  in  the  present  investigation. 
Soecifically .  tne  silanes  emploved  are  TEDS,  vinyltriethoxvsiiane 
".TEDS'  ,  meth;.  Itriethoxvsilane  (J<TEOS^.  and  ohenvltriethox\*siiane 
(?TEDS',  and  the  curing  and  ir-situ  prec ipi tat  ion  are  carried  out 
simultaneously  in  an  attemrt  tc  improve  the  bonding  between  the  filler 
particles  anc  the  elastomeric  matrix. 


Tne  polymer?  emolovec,  two  hydroxyl -terminated  PDM5  samoies  having 
number-average  molecular  weignt?  c orresnonding  to  =  1£.0  and  2i.O 

g  mol"*,  respectively,  were  crovided  by  Petrarch  Systems  Inc.  Portion? 
were  mixed  with  TEDS,  \TEO£ ,  !<n0£,  and  PTEOS  in  amount?  characterized  bv 
the  moiar  feed  ratio  r  *  (OCVh^j  ' [OH] ,  wnere  the  -OCoH^  groups  are  on  the 
silanes  and  the  -OH  groups  appear  as  chain  ends  on  the  PDMS.  Specific 
values  of  this  ratio,  which  range  upward  from  1.0  (stoichiometric 

•  c.ptep'r*  ba*  jose  0^  9L’*9j  US* 
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employed,  stannous-2-et'nylhexanoate,  was  present  in  an  amount 
corresponding  to  l.C  wt  t  of  the  PDMS,  both  series  of  mixtures  of  these 
components  appeared  to  be  perfectly  homogeneous.  They  were  poured  into 
acids  to  a  depth  of  1  ccc,  and  the  reaction  was  allowed  to  proceed  at  rooc 
teaperature  for  two  days.  T'le  water  required  for  the  hydrolysis  was 
siBply  absorbed  froc  tne  humidity  in  the  air. 

Tne  resulting  networks  were  extracted  in  tetrahycrof uran  in  the 
usual  manner  (15.16);  the  sol  fractions  thus  obtained  are  small,  as  can 
be  seer,  froc  the  values  given  in  coiunn  five  of  the  table.  The  densities 
Z  cf  the  extracted  materials,  determined  by  pycnometry,  are  reported  in 
ccluan  six,  and  values  of  the  vt  1;  filler,  determined  from  the  increases 
ir.  weight,  are  given  in  coiuan  seven. 


Unswolien  portions  were  used  in  the  elongation  experiments  carried 
out  to  obtain  the  stress-strain  isotherms  at  25^C  (15-17).  The  nominal 
stress  was  given  by  f*  =  f/A*,  where  f  is  the  elastic  force  and  A*  the 
undeformed  cross-sectional  area,  and  the  reduced  stress  or  modulus  bv 


V(c  - 


ct  tne  sample. 


where  a  =  L/L;  is  the  elongation  or  relative  length 
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*^sultg  and  Discussion 

Tvpical  stress-strain  isothertns  obtained  for  the  networks  having 
16. C'  X  10^  g  mol"^  are  shown  in  Figure  1,  and  some  for  *  26.0  x  10- 
mol"^  in  Figure  2.  Values  of  the  maxitnurn  extensibility  or  elongation 


Figure  1.  The  reduced  stress  snown  as  a  function  of 
reciprocal  elongation  at  25°C  for  typical  filled  PDMS 
networks  having  “  1£.G  x  10^  g  mol*‘.  Each  c*:rve 
IS  identified  by  the  designation  giver,  in  column  four 
of  the  Table,  and  the  vertical  dashed  lines  locate 
thr  rupture  ooints. 


Figure  2.  The  reduced  stress  shown  as  a  function  of 
reciprocal  elongation  for  the  networks  having  * 
26.0  X  10^  g  TDol~^. 
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at  luoture  obtained  from  all  the  curves  of  this  type  are  given  in  column 
eight  of  the  table.  Similarly  obtained  values  of  the  ultimate  strength, 
as  represented  by  the  nominal  stress  at  rupture,  are  given  in  the 
f  c  1  owing  column. 

Figure  3  shows  some  of  the  data  plotted  in  such  a  way  that  the  area 
under  each  curve  corresponds  to  the  energy  Ej-  required  for  rupture. 
Values  are  listed  in  the  final  column  of  the  table. 


Figure  3,  The  nominal  stress  shown  as  a  function  of 
elongation  for  selected  networks  having  M  *  26,0  x 
10^  g  mol“‘ .  ^ 

There  are  seen  to  be  large  increases  in  modulus  in  general,  and  some 
large  upturns  in  modulus  at  high  elongations  as  well.  The  desired 
reinforcing  effects  (18)  are  enus  clearly  in  evidence. 

Of  considerable  interest  is  the  observation  that,  at  coaoarable  w:  1 
fil.er,  the  fillers  containing  vinyl,  methyl,  or  phenyl  groups  frequently 
give  better  reinforcement  than  that  given  by  the  silica  particles 
obtained  from  the  TEOS.  The  PTEOS  system  seems  particularly  interesting 
in  this  regard.  The  improvements  could  be  cue  to  def ormabiiity  of  some 
of  the  filler  particles.  A  definite  conclusion,  however,  would  require 
examination  c:  stretched  and  quenched  samples  by  electron  microscopy,  a 
very  difficult  but  conceivably  achievable  goal. 

Acknowledgements 

It  IS  a  pleasure  to  acknowledge  financial  support  provided  by  the 
National  Science  Foundation  through  Grant  DKR  8^-15082  (Polymers  Program. 
Division  of  Materials  Kesearch)  and  by  the  Air  Force  Office  of  Scientific 
Kesearch  through  Grant  AFOSR  £j-“002?  (Chemical  Structures  Program, 
Division  of  Chemical  Sciences).  G.  S.  S.  also  wishes  to  thank  the 
Educational  Ministry  of  Korea  for  the  Kesearch  Fellowship  he  received. 


329 


References 


1.  Ning,  Z,  Rigbi,  and  J.  E.  Mark,  Polvm.  Bulletin,  13,  155 

(1985). 


'y 

J.  E 
(1980 

Mark  and 

). 

S.-J.  Pan,  Makrotnol.  Chetn. ,  Rapid  Conmun. ,  3,  681 

* 

C .  -Y . 

Jiang  and  J 

.  E.  Mark,  Makromol.  Chemie^  185^  2609  (1984), 

4  . 

K.-Y. 

Tang  and  J. 

E.  Mark.  Polvro.  Eng.  Sci..  25.  29  (1984). 

c. 

J.  E. 

(  1«8-. 

Mark,  C.-V 

N 

.  Jiang,  and  M.-V.  Tang,  Macromolecules,  17,  2613 

r  • 

'  6. 

C .  -Y . 

Jianc  and  J 

.  E.  Mark,  Colloid  Polvm.  Sci.,  262,  758  (1984). 

1  ^ 

(  '  • 

K.-Y.  Tang,  A.  Le 
(1984). 

tton,  and  .  E.  Mark,  Colloid  Polvic.  Sci,,  262,  990 

i  8. 

i 

} 

Y.-P. 
Aool . 

Ning,  K.-Y. 
Polvir..  Sci. 

Tang,  C.-V.  Jiang,  J.  E.  Mark,  and  W.  C,  Roth,  J. 

,  29,  3209  (1984), 

9. 

r 

Mark  and  Y . 

-P.  Ning,  PoUir..  Bulletin,  12.  413  (1984). 

y 

1 

10. 

V .  “P . 

Ning  and  J. 

E.  Mark,  J.  AddI.  PoIvk.  Sci.,  30,  000  (1985). 

'  *  X  , 

V  -t) 

Ning  and  J. 

Z',  Mark,  PoIvtl.  Enc.  Sci.^  25  ^  000  (1985). 

4 

1 

-  - 

Mark,  Brit. 

Polvit.  17.  000  (1985). 

i 

!  '  -5 

G.  £. 

Sur  and  J. 

E.  Mark,  Eur.  Pol\-r..  J..  21,  000  (1985). 

i  u. 

G .  S . 

Sur  and  J. 

E.  Mark.  ms.  submitted  to  Makromol.  Chemie. 

I  .s. 

J .  £ . 

Mark  and  J . 

L.,  Sullivan^  J.  Cnee.  Phvs.,  66,  1006  (1977). 

16. 

M.  A 
Pol  VTL 

Llorente, 

.  Phvs .  Ed . , 

A.  1.  Andradv,  and  J.  'E.  Mark,  J.  Polvrr,.  Sci,, 
19,  621  (1981). 

X  >  • 

:.  E. 

Mark  and  P. 

J.  Florv,  J.  Aool.  Phvs.,  37,  4635  (1966). 

1£ . 

J  r 

Mark.  PolNtr 

.  Enc.  Sci.,  19,  25-,  409  (1979). 

-29- 


tur  Poivm  J  Vol  :t.  No  i:.  pp  1051-1052.  1985 
Pnnicd  in  Great  Bniain  All  nghts  reserved 


85  S?  (K)  -  OtX' 
C  opvnphi  <  1985  Fffgamon  Press  Lid 


ELASTOMERIC  NETWORKS  CROSS-LINKED  BY  SILICA 
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Abstract — Tnethoxysilyl-terminated  poly(dimethylsiloxane)  fPDMS)  was  prepared  by  reacting  tn- 
ethoxysilane  with  vinyl-terminated  PDMS  having  a  number-average  molecular  weight  of 
11.3  X  10  gmol"'.  Particles  of  silica  and  titania  generated  in  siiu  by  the  hydrolysis  of  letraelhoxysilane 
and  titanium  e-propoxioe.  respectively ,  were  found  to  end-link  this  polymer.  The  presence  of  a  stable 
eiastomenc  network  structure  was  confirmed  by  stress-strain  measurements  in  elongation. 


INTRODUCTION 

Chemical  modification  is  now  a  common  way  of 
extending  the  utility  of  polymeric  materials  [1-4].  A 
particularly  important  example  is  the  placement  of 
reactive  groups  at  the  ends  of  a  polymer  chain  so  that 
u  can  oe  end-linked  into  an  eiastomenc  structure 
[5,6].  Typically,  hydroxyl  groups  are  placed  on  chains 
of  polyidimethylsiloxane)  (PDMS)  ( — Si(CHj).0 — ]. 
which  are  then  joined  by  a  multi-functional  reactant 
such  as  tetraethoxysilane  (TEOSl.  It  would  be  very 
interesting  if  such  ethoxy  groups  could  be  placed  on 
the  chain-ends,  since  they  could  then  be  reacted  with 
the  hydroxyl  groups  present  on  the  surface  of  many 
reinforcing  filler  particles  [2-9).  In  this  way  cunng 
and  filling  could  be  accomplished  in  a  one-step 
process 

The  present  investigation  was  earned  out  for  this 
purpose.  Specifically,  tnethoxysiiyl  groups  are  placed 
on  the  ends  of  PDMS  chains  into  which  fume  silica 
(SiO_.)  IS  mixed,  or  into  which  silica  or  titania  fTiO;l 
are  precipitated  by  hydrolysis  of  appropnate  silicon 
and  titanium  compounds.  The  stability  of  the  net¬ 
works  thus  formed  is  gauged  by  stress-strain  mea¬ 
surements  earned  out  to  rupture 

EXPERIMENTAL 

Vinyl-ierminaled  PDMS  having  a  number-average  molec¬ 
ular  weigni  of  11.3  X  10' g  mol"  and  a  commercial  fume 
siiica  were  generously  provided  by  the  Dow  Coming  Cor¬ 
poration.  TEOS  (Fisher)  and  titanium  n-propoxide  (Al- 
dnchl  were  used  without  further  purification. 

Tnethoxysilyl-lerminated  PDMS  was  prepared  by  reac¬ 
tion  of  the  vinyl-ierminaied  PDMS  with  a  small  excess  of 
inethoxysilanc.  using  chloroplatimc  acid  as  caiaiysl.  in 
sealed  flasks  ai  70’  for  a  pencxl  of  1  day  The  hydrogen 
attached  to  the  silicon  atom  in  the  silane  simply  adds  to  the 
vinyi  double  bond.  Removal  of  the  unreacied  tn- 
ethoxysiiane  under  reduced  pressure  resulted  in  a  colourless 
VISCOUS  liouid  A  small  portion  of  ihe  product  was  charac- 
tenzed  by  standard  chemical  titration 

li;  the  first  expenmenls.  aliempts  were  made  to  react  the 
iriethoxvsiiane-terminaied  PDMS  with  the  commeraai  sil¬ 
ica  The  ingredients  were  well  mixed  and  1  wt  of 
siannous-J-ethylhexanoaie  was  added  as  catalyst  The  mix¬ 
tures  were  poured  into  moulds  to  a  depth  of  1  mm.  and  the 


reaction  was  allowed  to  proceed  at  room  temperature  for  3 
days. 

In  a  second  set  of  expenmenls.  atiempis  to  obtain  cross- 
linked  networks  were  based  on  reaction  of  Ihe 
tnethoxysilane-terminaied  PDMS  svith  silica  obtained  by 
the  "in  siiu"  hydrolysis  of  TEOS  |I0-21],  In  bnef,  the 
PDMS.  TEOS  and  calalysi  were  thoroughly  mixed.  They 
were  then  poured  inlo  moulds  to  a  depth  of  approx.  1  mm, 
allowed  to  stand  for  24  hr  at  room  temperature,  after  which 
they  were  placed  under  vacuum  (5(KimmHg).  The  water 
required  for  ihe  hydrolysis  was  obtained  simply  from  the 
humidity  in  the  air.  In  the  final  expenments.  titanium 
n-propoxide  was  used  instead  of  TEOS.  thereby  providing 
titania  particles.  The  conditions  were  the  same  as  those  used 
for  the  TEOS. 

The  resulting  networks  were  extracted  in  teirahydrofuran 
for  4  days,  deswelled  m  tetrahydrofuran-melhanol  mix¬ 
tures,  and  then  dried. 

The  stress-sirain  isotherms  were  obtained  on  strips  cui 
from  the  dned  lunswollen)  neiworks.  al  25'.  in  the  usual 
manner  [5.  6).  Stress-strain  measurements  were  made  using 
a  sequence  of  increasing  values  of  the  elongation  or  relaiivc 
length  of  the  sample  x  =  L  L, ,  with  frequeni  inclusions  of 
values  out  of  sequence  lo  test  for  reversibilily .  Enure 
stress-strain  isotherms  were  frequently  repeated  two  or 
three  times.  The  nominal  stress  was  giver,  by  /“  =  /  4* 
where  /  is  the  elastic  force  and  A  *  the  undeformed  cross- 
sectional  area,  and  the  reduced  stress  or  moauius 
15.6.22,23)  by  =  lx  -c'-l 


RESULTS  and  discussion 

The  amounts  of  filler  incorporated  in  the  PDMS 
networks  arc  given  in  the  third  column  of  Table  I  in 
the  case  of  the  fume  silica  blended  into  the  polymer, 
some  gel  was  fom.cd.  As  snown  in  column  five  of 
Table  1.  however,  tne  sol  fraction  teas  very  high,  and 
the  networks  were  too  weak  for  reliable  stress-strain 
measurements.  Apparently  the  surface  concentration 
of  reactive  siianoi  groups  on  this  filler  wa.s  too  small 
to  give  a  high  degree  of  chain-end  linking 
The  results  were  considerably  better  for  the  net¬ 
works  in  which  SiO;  to  TiO-  was  precipitated  in-siiu 
The  sol  fractions  were  smaller  and  reversible 
stress-strain  isotherms  were  obtained  The  results  are 
shown  in  Figs  I  and  2  The  moduli  approached 
0.-  N  mm"',  which  is  indicative  of  relauvely  efficient 
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Table  I  Slruclure  and  ullimate  properties  of  the  networks 


Filler 

Network 

Uliimaie  propeniei 

Forrnuia 

OnjEin 

Wf/. 

Designation 

Sol  fraction 

J.  ' 

fN  mm'M 

(i  mm  ’ ) 

SlO; 

Fume 

U4« 

— 

040 

_ 

_ 

_ 

1  96 

— 

0  42 

— 

— 

SiO, 

088 

SiOa-I 

0.20 

18 

0  19 

0  08 

ppi 

1  60 

siOa-: 

0.31 

16 

0.16 

005 

TiO, 

0  92 

TiOa.I 

0.20 

2-3 

0.38 

0.26 

ppt 

I 

TiOa-2 

0.3! 

16 

0  19 

OO" 

*Elongatton  at  rupture  tUltimate  strength  as  measured  by  the  nominal  stress  at  rupture 
^Energy  requtred  for  rupture 


a 


Fiz.  1  The  reduced  stress  or  modulus  shown  as  a  function 
of  reciprocal  elongauon  at  :5‘  for  the  stable  PDMS  net¬ 
works.  Each  curve  is  loentified  by  the  code  pven  in  column 
four  of  the  Table. 
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y 

y 
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Fig.  :  The  nominal  stress  shown  as  a  function  of  elon¬ 
gation  for  the  same  networks  characienzed  in  Fig.  I  In  this 
representation,  the  area  under  each  curve  corresponds  to  the 
energy  £,  required  for  rupture  (24| 

end-lmking.  Values  of  the  maximum  extensibiiit). 
ultimate  strength,  and  energy  to  rupture,  given  in  the 
last  three  columns  of  the  Table,  are  also  consistent 
with  a  stable,  elastomeric  network  structure. 

Additional  studies  could  show  this  new  technique 
to  have  practical  as  well  as  fundamental  importance. 
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1  ransmtssion  electron  micrr>sc(rp>  is  used  to  characien/e  reintorcinp  siiica  parKcie  prccjpjlalcd  as  filler  init' 
neinorK'  o:'  polnoimeirn Knoxanei  bs  me  niuroivsis  of  iciraeinvlorlhosiiicaie  ('article  diameters  were 
tspicalis  r(Ki  A,  ssiirt  rciaiiseK  narroa  disiripuiions  Ajterepation  is  penerall'  vers  loa  but.  as  expeetd. 
ryteomes  more  ptonuuncep  aitn  increase  in  amount  of  filler  Acidic  catalysis  cive  less  well  oelinea  panicles 
man  pasic  ones,  and  laree  cataivst  concentrations  pive  unusually  small  panicle  diameters  I'ermtttint:  the 
particles  to  oices:  in  contact  ss  it n  water  anu  caiaisst  seems  to  mase  tnem  rxrtter  definec.  more  uniiorm  in  siee. 
and  less  accrecatec 

(krswdrds  nceirnn  mKTuxeupo  elasuimrrs.  siiKai.  rMilsidinielhsIviMrsartrii 


INTKODLCTIC^N 

1'  a  neiwort.  o'.  Ps';siaimeinvisiio\anc  iJ’DMS 
'-SbCH  '  i.s  swelled  wi:r  tetractns ior;iK>siiic.iie 
TEOS  and  me  TEOS  nscroisscd.  siiica  narticies  .ire 
C’enos’ied  wiihin  me  netwon,  strue'ure  Tne  reaction 

SiiOEi,,-  ;(i;C— SiO;-dEiOH  i! 

an.;  a-  cat.nvsed  b;.  a  sariets  o;  substances-,  m  tne  victnii;. 
0)  K'oni  lemperature  Tne  presence  o:  ftlier  pariicies  was 
snowr.  indirect''  o\  me  reiniorcenier.'  observed  in  stres.'- 
strain,  measurement.'  c'r  tne  cried  networt.s  and 

oirecti'  irom  two  eiectror.  microeranns' 

Tne  present  msestittalior.  was  carried  ou’  ic  proviae 
additional  iniormaiioi,  on  tne  siiica  eeneraicd  p'  tnis  i>.- 
m:u  precipitation  lecnniuue  Electron  micro.scopv  is  used 
to  oeiermine  averace  rarticie  diameters  and  tner  oistr-- 
butions.  tne  smootnness  ol  inc  panicie;,.  and  tne  extent  o' 
tneir  acprecation  Oi  primary  interest  is  me  oepenoence  o' 
inese  ouariiiiies  on  temperature,  reaction  time,  me  nature 
of  me  catalyst,  catalyst  concentratior..  and  aceinc 

EXPERIMENTAL 
Preparation  of  nclworki 

Tne  neiworiss  were  prepared  irom  PDMS  chains  that 
nad  cither  vtnyl  groups  or  hydroxyl  groups  at  ootn  ends 
All  samples  were  letraiunciionallv  end  linked  in  the  usual 
manner,  the  former  type  with  SirOSi(CH,i_,Hjj'  and  the 
latter  with  TEOS  Their  values  of  the  number-average 
moiecuia'-  weight,  which  oecomes  the  molecular  weighi 
M,  between  crosslinks,  are  given  in  the  second  column  of 

"Visuinj:  scieniisi  ai  IBM-San  Jose,  ac^ioemic  vea; 


Tahu  .'  Each  network  was  extracted  for  several  days  to 
r-emt'se  soluble  matcriat.  wnicn  was  lound  ip  be  pre.senl  lo 
tne  extent  oi  oni>  a  lew  per  cent 

prei  initulion  o'  .sui.t. 

Strips  cut  irom  me  network  sheei.'  were  weighed  and 
men  swclieo  with  TEOS  to  tne  maximum  extent  attain¬ 
able  Tne  evtcni  varied  with  out  in  all  ca.ses  co.r- 
responoec  to  a  volume  fraction  of  poivmer  of  0.2-C'.3. 
wnich  means  mere  is  a  large  excess  ofTEOS  available  for 
nvorolvsis  Tne  oegree  of  crossimking  of  tne  sampies 
studied  snould  tnerefore  oe  unimportant  la.'  should  aisv 
be  tne  nature  of  tne  functional  groups  originally  present 
or.  me  cnatn  encsi 

Eacn  swollen  strip  was  placed  in  one  oi  several  auueous 
cataivs:  .solutions,  and  me  h'croivsi.s  of  me  TEOS 
riermitiec  to  occur  a;  me  aesirec  temperature  lo-  me 
oesirec  perioc  o:  time’,  uetaiis  are  given  in  columns  .'-t- 
O'"  JapH  Tne  finai  .san.pie  in  tne  series  was  permittee  to 
age'  in  contact  with  its  cataivst  solution  for  a  pcrioo  o: 
two  monins.  Auer  tne  reaction,  eacn  strip  was  oriec  and 
wcigncC  Sample  aesignaiions.  oased  or.  tne  type  of 
cataivst  and  us  wt",,  in  solution,  arc  given  in  tne  final 
column  of  the  table 

Electron  microscopi 

A  piece  of  each  filled  network  approximately  1  mm, 
>  1  mm  X  5  mm  was  mounted  in  an  appropriate  specimen 
holoer.  which  was  men  placed  into  the  cryosiatic  chamner 
fSorvali  FS  iOOO'  of  an  ultramicroiomc  (Sor'all 
MT  bOOOl.  The  enure  slicing  area  was  taken  to  and  then 
maintained  at  -  140  C.  with  a  controller  initiating  the 
oelivery  of  the  precise  amount  of  liouio  nitrogen  and  heal 
necessary  to  maintain  preset  temperatures  in  tne  cham,- 
bet  The  liquid  nitrogen  filling  system  incorporates  a 
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Electron 

microscope 

eidSloraers  conimninc/  precipitawa  smea 

J  E  Man  e;  a 

\ ahh  1  k 

.’iivUn,  'f  ii  Met  w 

•»  1  stris'  'i.ic.i  ptcvipij.ii 

MM 

SlUv.t  pruNip. tailor 

Calalvst 

kcaciioi, 

fcnd 

!('  'V 

7 

lime 

Sample 

group' 

u'  mo' 

1  Fi'rmulci 

Wf. 

(  C 

moursi 

oesignaiior. 

\  inv' 

I^t 

2(1 

M' 

(I 

I  AM-:-: 

V  in\ ' 

(  ;H«Nh’ 

2(- 

5(t 

1  (' 

1  AM 

Z '' 

C  -HaNH- 

2( 

'XA 

24  (» 

f- AM-:-* 

H  kUtok  V , 

S  1’ 

(  ii.('C)()H 

5.1' 

■»< 

1  0 

HAC-v; 

H  vuf ox  N 

HU* 

5(' 

2^ 

2(1 

KPH-S-I 

hivur(>x  k , 

C'sH.NH; 

M)(' 

0  r 

1  AM-Mi-i 

\  in\ ! 

a 

Csii.NH; 

2(' 

2< 

F  AM-:-j 

“Asctdi'f  mi'iccuia’’  weient  nciv^eeii  cri'sshnks 
*'  t  .ji-u  •  -cji-numr>c' 


liuuid  Uci'.  scnaraior  aesiancd  if  alit'w.  onh  liquid  nii- 
ruiifn  inu'  iik-  chamner.  Specimen  slices  having  a  thick¬ 
ness  the  order  of  KHKi  A  were  obtained  using  a  diamond 
sniie  Trier  were  cohccied  on  caroon-coaied  grids,  and 
ttien  cvamined  in  transmission  witii  a  Hitachi  HS-" 
electron  microscope  operating  a:  5{i  k\', 

RESl'LTS  -\ND  DISCUSSION 

Tne  measurcc  increases  in  weight  of  the  sample  strips 
were  usee;  to  calculate  values  of  tne  u  ;' ,,  filler  miroduccd 
p;.  tne  m-.siu,  precipitation  reaction  Tne  results  are  given 
in  me  second  column  ol”  Tuhu  J 

Tne  first  two  sammes.  EAM-Z-l  and  EAM-2-2.  were 
prepared  under  condiuons  identical  to  tnose  used  in  tne 
previous  aiucy .  cxcsoi  me  lerpperature  wa.s  .‘Ifi  C  instead 
o!  room  temperature  T  yoicai  electron  micrographs  op- 
lained  ior  tnese  tw  o  samples  are  shown  m  haurcs  i  and  2. 
respectiveiv.  As  in  the  previous  case',  tne  particles  had  a 
diameter  of  apnroMmaieiv  2(Ki  A.  were  well  defined,  and 
were  wel  dispersed  liiiiie  aggregation.  This  is  sutTf- 
manzec  in  columns  .'-h  of  Tabu  2  Tnus.  moderate 
cnanges  in  temperature  seem  unimportant 

I:  verv  large  amounts  of  silica  are  precipitated,  aggre¬ 
gation  pecomes  more  pronounced,  as  snould  ne  expected 
Tills  Is  iliu.siratec  nv  sample  E.AM-2-.'.  wmeh  contains 
f. -'wt‘,  silica  .A  typical  micrograph  or- 

tained  lor  r.  is  shown  in  Fiaurc  : 

Tne  aoove  inree  sampie.'  were  oDlainec  using  clnv- 
lamine.  a  Pasie  calaivs;  Tne  efiecis  of  cnanging  to  a  high!'. 
aciQK  calaivst  arc  illustrated  pv  samples  HAC-5-1  and 
KPH-.s-i.  tne;.  were  prepared  using  solutions  o:  acctie 
acic  anc  a  pnospnate  .sjl:  paving  pH  s  of  2  '  and  4  ('. 
respeciivciv.  Tne  results  lor  me  H.AC  sample.  Illustrated  in 


lahk  C  -VrjM’uno  jnJ  cnarjcirnsucs  of  smaa  prceinilalcc 


S.inipH-  Sil'; 

r  lour 

Ijiamcic' 

lA' 

l>cfiniiior 

Dixpcrsior 

iw:-  If' 

!s- 

Ctood 

Ciood 

iw.z:  '1  : 

2tii>  :?!■ 

Ciood 

Ctood 

i  '  S’.' 

F  ar 

f'(>0' 

hac-*'-:  V ' 

-■ 

r  ai' 

Kf’H-''-;  .IS' 

;2<‘  2(>" 

Ci(»oC 

Ciood 

FAM-V.-i  14'- 

C*o<>d 

CiOOd 

tAM-:-  .M(' 

Z{V 

fcxcelien: 

Ciood 

'Lac*'  oi  aggrccaiior. 

Fiaiir,'  c.  show  the  particles  to  be  very  poorlv  defined  This 
IS  consisicni  with  results''' “  oniained  for  systems  of 
interest  m  sol-gei-ccramics  lecnnologv  li  was  mere 
concluded  that  in  tne  gelation  process,  acidic  cataivsts 
give  structures  tnat  are  less  pranened  and  less  compact 


Fipurf  1  Transmission  cicciton  microprami  ol  samnic  EANt-i-l  ai  a 
mdcniiicauon  oi  *  .  in  i  hits  and  tne  iciiowint'  F  i  cures,  me  icnptn  c  ’ 
me  nj'  ci'rrcsnonQ'.  lo  UHK)  and  ocuiis  on  me  sarnnics  are  given  ir 
Tajnics  .  and 


Fipurt  2  Micrograph  of  sampte  EaM-2-2  at  7‘’5S(i» 
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Kipure  4  Vticroprapn  o:  iampic  MAC'  S  a'  J'J 


Fiforr  <•  MiiTCL'fann  o/  samn»c  EAM-.Vi-;  a;  "■’55(>  > 


Electron  microscopv  of  eiastorrwrs  containing  precipitated  siiica  J  E  Marf  e\  ai 


(ir.inl  n\1R  ('-i-ISiisZ  it’i'Knier-  f’roi;rjn'.,  Dimmoii  nf 
\|  "..-vcjichi  jnii  H''  in;  Air  ( urcf  of  Si.ii;miln. 

kc-^'.i  Ciran:  AhOSK  S'-(K)2"  (Chemical 

Strucii.iCN  I’lopiam,  [)i\iMon  of  Chemical  Sciencesi  C  - 
A  .J  and  \!  A  .T  aiso  wish  lo  thank  the  Dow  Corning: 
Coip  lor  me  Research  Fellowships  the>  receivea 
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A  Molecular  Approach  to  the 
Design  and  Production  of 
Inorganic  Polymers 


The  term  "irKircanic  polymers."  im¬ 
plies  an  interest  m  looking  beyond 
tne  second-row  nonmetals  ot  the 
periodic  table  (namely  Nl,  C.  O)  tor 
poiymer-chain  elements  which  will 
provide  new  classes  ot  materials  to 
overcome  limitations  now  posed  by 
current  so-calied  "organic  polymers." 
Desbite  the  enormous  success  c: 
organic  boiymers  in  generating  materi¬ 
als  with  new  ana  desirable  propemes. 
some  old  m,ater,a!s  problems  still  re- 


Figure  1: 
Pnosanazene 
inorganic  ootvmers 
recji'e  suDstnuuon 
ot  lunciiona,  groups 
on  a  reactive  oon  - 
merc  miermec.ate 


mam.  and  advanced  technologies  are 
now  placing  exotic  ana  extreme 
demands  upon  polymer  m.aienals 
Among  the  old  problems  are  the 
needs  tortire-retaraarr,.  non-toxic 
high  molecular  weight  tiuids.  piastics 
and  elastomers  Tne  demand  tor  eias- 
tomeric  sealing  m.aienais  tsucn  a?  C- 
rings  ana  gasKots,.  wmcn  remain  Ucr  ■ 
iDle  at  very  low  temceratures  wniie 
resisting  thermal  aegraaation  at  nig- 
temperatures,  has  not  yet  been  met 

Continuec  on  occt  5 
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New  Computational  Tools 
Herald  Promising  Advances  in 
Materials  Design  Research 


Literature  fiewew.- 
Laooratory  PC  Users 
Croup  launches 
newsletter . 


Professional 
Opponunihes . 


In  this  issue  CDA  News  examines 
programs  available  tor  computational 
studies  in  the  general  research  area 
of  materials  sciences.  It  is  not  our  in¬ 
tention  to  survey  all  the  work  ongoing 
in  solid  state  studies,  but  rather  to 
looK  at  the  practicality  and  utility  of  the 
computational  tools  available  tor  com¬ 
mercial  application.  To  this  end.  a  brief 
look  at  the  imponant  problems  being 
studied  seems  desirable 


Amorphous  semiconductors  have 
been  tne  subiect  of  numerous  com¬ 
putational  investigations  in  recent 
years.  In  particular,  amorphous  silicon 
has  received  attention  because  it  is 
the  simplest  covalently  bonded  amor¬ 
phous  solid  and  serves  as  an  impor¬ 
tant  prototype  tor  investigating  tne 
disordered  solid  state. 


Continuea  on  page  P 


Theoretical  Studies  on  Liquid- 
Crystalline  Rodlike  Polymers 
Used  as  High-Performance 
Materials 


Statement  ot  Editorial 
Policy 

1;  IS  the  express  editorial  policy  of 
Chemical  Design  Automation 
News  to  publish  objective  intorma- 
iioh  Oh  matters  of  techhical  Interest 
relating  to  tne  use  of  computer  auto- 
m.ation  techmoues  in  chemical  and 
engineered  materials  research.  In  ac¬ 
cordance  with  this  policy,  we  welcome 
cahicipation  from,  all  individuals  and 
institutions  involved  in  tne  field 

This  tall  CDA  News  will  publish  a 
special  feature  which  descrioes  and 
assesses  molecular  modelling' 
graphics  systems.  We  invite  you, 
cu'  reaoers  to  participate  by  supmii- 
img  useful  criteria  you  use  to  eval¬ 
uate  such  software  We  will  incorpor¬ 
ate  vour  stanoaros  ana  suggestions 
in  this  stuov  Prom.pt  responses 
Should  oe  sent  to  Samara  F  Graharr,, 
Chemical  Design  Automation 
.  ‘vv  s  '-',0  Sox  1 59~, 

Wattnam,  MA  C225A, 

CDA  News  is  interested  in  puPlisn- 
tng  your  experiences  wnere  research 
use  of  mooeliing  tools  are  believed  to 
represent  tne  oetermining  lactor  in 
me  loentification  of  struaures 
exhipiting  oesireo  propenies 
Contact  Sarpara  F,  Granam 
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Synthetic  polymers  now  pervade  all 
industrialized  societies,  with  new  ap¬ 
plications  appearing  on  an  almost  daily 
basis  (1 ).  One  example  of  the  cases  in 
which  specially  synthesized  polymers 
have  been  pamcutarly  impressive  in 
their  replacement  of  non-synthetic  or 
non-poiymeric  sypstances  is  in  the 
area  of  "high  performance"  materials 
Materials  m  this  category  are  so  oesig- 
nated  because  ot  tneir  ability  to  mam- 

Wi!,.arr.j_  Welsh.  Pn.D  lleftj,  H||H||H 
DeDanmem  of  Cnemisti}-, 


Siosym  Technoigies.  Inc.,  of  San 
Diego,  CA.  has  announced  tne  forma¬ 
tion  of  a  consortium  ot  cnemical, 
pharmaceutical  and  computer  hard¬ 
ware  ana  software  companies  to  de¬ 
velop  Potential  Energy  Functions. 

T he  consortium  intenas  to  oenve 
more  accurate  torce  fielas  for  use  m 
computer  prog.-ams  which  simulate 
anc  predict  the  propenies  ot  mole¬ 
cules.  Such  computer  programs  are 
applied  to  Design  pharm.aceutical 
agents,  agricultural  chemicals,  bio- 
molecules,  synthetic  fibers  anc  otner 
molecules. 


tain  desirable  properties  over  a  wide 
range  of  temperatures,  and  treouentiy 
despite  exposure  to  very  hostile  envi¬ 
ronments  Some  specific  examples  of 
the  superiority  ot  man-made  polymers 
are  packaging  films  that  are  tougher 
than  the  cellulose-based  materials 
they  replace,  and  textile  fibers  such  as 
Dacron,  which  are  much  more  durable 
than  most  naturally  occurring  fibers  A 
ContinueO  on  page  12 


Joining  Sicsvm  in  tne  efiort  are 
Abpotl  ^abo.-atones,  Cray  Research, 

E.  I  du  Pont  oe  Nemours.  Merck. 
Sharpe  &  Dohme  Research  Labo¬ 
ratories,  Monsanto,  Rohm  &  Haas  and 
the  Upiohn  Company.  Each  company 
will  contribute  financial  and  technical 
support  to  tne  three-year  proiect 

A  major  lim.iation  cf  manv  current  corri 
putafional  methods  has  been  tne  rei- 
ability  of  tneir  underlying  mathemaf- 
cal  monels.  Optimial  models  have 
been  developed  tor  a  particular  class 
of  compounds  -  tor  example,  to 
Conlinued  on  page  1 1 


University  of  Missojn  ■ 

St.  Louis,  anc 

Janies  E.  Man-..  Pn.D  ingnV,. 
Department  c'  Chemistry 
anc  Polymer  nesearcn 
Center  Umversr.v  of 


Biosym  Establishes  Industrial 
Consortium  to  Work  on  Next 
Generation  of  Man-Made 
Molecules 


Polymer  Studies 

Zcninued  irorr.  page  2 


more  exotic  example  is  the  class  ot 
aromatic  polyamides  having  high 
melting  points  and  exhibiting 
strengths  lon  a  weight  basis)  well 
above  that  ot  steel  (1). 

Research  on  liouid-crystallme  poly¬ 
meric  materials  has  intensified  in  re¬ 
cent  years  with  research  and  devel¬ 
op  vient  aciiivites  proceeding  at  IBM. 
du  Pont.  Eastman  Kodak.  Celanese. 
Monsanto.  Carnegie-Mellon  Umver- 
say.  the  University  of  Massachusetts. 
Soutnern  Mississippi  Universn> .  tne 
University  of  Missouri-St.  Louis,  tne 
University  of  Cincinnati.  SRI  inter¬ 
national.  tne  University  of  Dawon 
Research  Institute  and  Wnght- 
Patterson  Air  Force  Base.  Tne  focus 
IS  ano  will  continue  to  oe  on  fapr.- 
“atir'o  oroerec  oolvmers  into  fioers 
.... i  s  a.  >0  moidec  shapes  that  wi!: 
open  tne  coor  to  a  wioe  range  ot  new 
products  trom  bicycie  wneeis  anc 
sunorv'  machine  pans  to  automotive 
ana  aircraft  components  and 
electronic  devices. 

Particular  interest  has  focused  on  a 
new  type  ot  pa'3-catenatec  arom.atic 
poivmer  being  used  in  tne  preparation 
of  high  penormance  films  and  fioers  of 
exceptional  strength,  thermal  staPilitv 
ano  environmental  resistance,  inciuo- 
ing  inenness  to  essentially  all  corri- 
mon  solvents.  A  polymer  of  this  type 
a  poiytc-pnenyiene  oenzobisoxazoie; 
(PEO,.  IS  illustrated  in  Fig.  1  (2;.  Tne 
isomer  snown  here  is  designated  tne 
2:2  torm  on  tne  basis  ot  tne  relative 
locations  of  tne  two  oxygen  atoms  in 
tne  repeat  unit.  Other  reiated  poly- 


mcrs  of  interest  are  the  ^30 
and  tne  £12  and  fans  forms  of  tne 
corresponding  poiytp-phenvlene 
DenzoDisthiazole)  (PBT),  m  whicnthe 
two  oxygen  atoms  are  replaced  Dy 
sullur  atoms 

These  chains  are  extremely  stHI,  ap¬ 
proaching  the  limit  of  a  ngid-roo  mole¬ 
cule  Because  of  their  rigidity,  they 
readily  form  liQuid-crystalline  phases 
t3  5:,  specifically  nematic  phases 
~  c  in  which  tne  chains  are 
aligned  axially  but  are  out  of  register  in 
a  random  manner.  The  spinning  of 
films  from  a  liauid-crystalline  dope  of 
such  a  poiymer  nas  great  advantages 
;1 )  .  The  required  flow  of  the  system  is 
tacilitated.  and  the  chains  already 
nave  a  great  deal  ot  the  oroennp  they 
need  m  tne  crystalline  fiDrous  state  to 
exhipit  tne  desired  mechanicai  prcp- 
ehies  Not  surprisingly.  PBO  PBT 
and  related  poiymers  are  tne  tocus  of 
tne  US  Air  Force's  "Ordered  ''Oiy- 
m.ers"  Program  ,'2.3.5;  when  nas 
peen  estapiisnea  to  oeveicp  non- 
penorm.ance  materials  tor  aerospace 
appi.cations  Potential  uses  inciuoe 
net  only  as  lipe.'s  and  fiims.  out  aiso  as 
remtorcing  fiprous  fillers  in  amorphous 
m.atrices  to  give  "molecular  compos¬ 
ites  '  where  tnev  serve  tne  same  pu'- 
pose  as  the  macroscopic  giass  or 
graphite  fioers  widely  used  m  mult'- 
pnast:  polymer  systems 

in  this  repon  we  summarize  some  of 
ourtneoreiicai  worx  on  the  structures, 
coniormationai  enemies,  mtermoie:- 
uiar  interactions  ano  electronic  prcc- 
ehiesof  PBO  and  PBT  cnams.  inciuo- 
ing  tne  protonated  forms  Known  to 
exist  in  strong  acids  The  emcnasis  is 
on  how  such  studies  provide  a  moiec- 
uiar  understanding  of  the  unusual 
prcpehies  and  processing  cnaracte’'- 
isiics  of  this  new  class  of  materials 

Both  empirical  molecular  mechanics 
(MM)  and  semiempincal  CND0.’2 
(Complete  Negiea  of  Differential 
Overlap)  molecular  orbital  metnods 
(2,3)  have  peen  used  for  the  (intra¬ 
molecular)  conformational  energy 
calculations,  while  only  the  former  has 
been  used  to  date  for  the  intermolec- 
ular  interactions.  Since  model  com¬ 


pounds  0!  £1  ^B"  have  been  sfxtwn 
iG:  to  assume  a  powed  coniiguration 
in  me  crystalline  state,  similar  calcula¬ 
tions  (2 )  on  this  congener  were  more 
complicated  and  so  are  not  presented 
here  Polarizabilities  were  calculated 
using  three  methods,  specifically 
second-order  pehurbation  theory 
combined  witn  the  formalism  of 
CNDO.'S  Cl  (Configuration  Interac¬ 
tions),  an  empirical  scheme  based  on 
tne  additivity  of  atomic  hypnd  compo¬ 
nents.  and  tne  standard  none  polar¬ 
izability  method  (2;,  Electronic  band 
structures,  relevant  to  electrical  con- 
cuctiviiy,  were  calculated  using  the 
lignt-oonding  scheme  based  on  tne 
Extended  Huckel  theory  (2,, 

In  spite  of  the  rigiditv  of  the  PBD  arxt 
PBT  Chains,  some  contormational 
fiexipilny  snould  oe  permitted  resuli- 
ng  trom  rotations  c  about  tne  smgie 
bond  joining  the  p-onenyienp  to  tne 
neierccyciic  moieiv  m  each  repeat 
unit  (Fig  t)  (2.3,  The  preparation  of 
hign-strengin  m.aienais  consisting  of 
rodiiKe  poiymers  suen  as  tnese  re- 
cjires  a  high  degree  ot  a'ngnment  cf 
rods  hence,  tne  extent  of  intramo- 
lecu.ar  rotational  flexibility  and  thus 
deviations  trom  pianarity  are  impohant 
in  this  regard,  pahicuiarly  in  terms  of 
cnain-packmg  eftects  and  the  solubil¬ 
ity  cnaracierisiics  of  tne  poiymers, 

MM  Calculations  ,'2.3;  indicated  that 
tne  lowest  energy  contonT,ation  of  PJ.- 
and  imns-PBC  should  correspond  to 
tne  ccpianarcontormaiions.  this  is  in 
agreement  with  tne  pianarny  round  tor 
tne  corresponding  mocei  com, pounds 
in  tne  cr/staiiine  state  ^BT  is 

predicted  to  oe  nonpianar  (c-  -  55",. 
largely  cue  to  tne  stenc  oulk  of  tne  S 
atom,,  com.pared  with  a  value  of  23.2 
touno  experimentally  tor  a  model 
compound  in  the  cry'Stailine  form  (2) . 
Inclusion  of  mtermolecuiar  inierac  - 
tions  by  minimizing  tne  total  int.^amo- 
lecular  and  mtermolecuiar  energy  of  a 
pair  of  trans-PBT  secuences  (2;  shihs 
the  predicted  conform, ation  to  tne 
range  0  to  25^  in  muen  better  agree¬ 
ment  with  experiment.  T ne  viraiiona! 
and  electronic  adsorption  spectra  ot 


Figure  1:  Repeat  unit  oi  tne  as-PBO 
poiymer- 


Continuea  on  page  ',3 
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model  compounds  in  the  crystalline 
state  and  in  solution  (7)  are  consistent 
with  this  interpretation. 

CNDO-calculated  conformational 
energy  profiles  for  £!£-  andtrans-PBO 
indicated  preferred  conformations 
corresponding  to  coplanarity ;  this  re- 
su  ■  IS  thus  in  excellent  agreement 
w'Hl  i  the  MM  resutts  and  with  exper¬ 
iment  The  substantial  barners  (near  2 
kcal/mol)  to  rotation  away  from  copla- 
narity  imoiy  that  coniugation  eftects  (fa¬ 
voring  coplanarity)  between  the  aro¬ 
matic  moieties  oommate  the  stenc  re¬ 
pulsions  (distavoring  coplanarity)  (2;. 

Intermolecular  energy  calculations  (2) 
can  eiucicate  the  nature  of  the  cnam 
packing  and  provide  estimates  ot  tne 
corresponding  densities,  magniiuaes 
i.'i-j  u.'tai  interaction  energies,  and 
tne  relative  imponance  of  van  der 
W'aais  and  Couiombic  contributions, 

T nese  "oacKing''  calculations  were 
based  primarily  on  two  parallel  cnains 
Shitted  relative  to  one  another  while 
tne  density  estimates  considered 
pairs  ot  cnains  ootn  above  one 
another  D  ano  alongside  one 
anotner^_/, 

T ne  calculations  show  tna;  pairs  of 
chains  above  one  another  are  out  of 
register  by  3.0  A  in  tne  case  of  tne 
F30  polymers  and  by  1.5  A  in  tne 
case  of  tne  imni^-PET  X-ray  crystal¬ 
lographic  studies  indicate  axial  shifts 
ot  approximately  4.5  A  in  tne  case  of 
model  compounds  tor  all  tnree  types 
of  molecules  (2;.  In  tne  case  of  tne 
vertical  spacings.  the  theoretical  re¬ 
sults  are  in  excellent  agreement  with 
an  expenmentai  value  nea^  ~  3.5  A  tor 
all  tnree  types  of  model  compounds. 

The  interaction  energies  between 
cnains  were  found  to  be  ratner  large, 
with  contributions  from  only  a  few 
repeat  units  adding  up  to  values  ap¬ 
proaching  typical  bond  dissociation 
energies.  Tnis  suggests  that  in  these 
polymers  it  is  generally  less  costly  in 


terms  of  energy  to  break  a  bond  alone 
an  individual  chain  than  to  separate 
two  adjacent  chains  The  attractions 
are  somewhat  laroertorihe  trans-PBT 
because  S  atoms  give  rise  to  larger 
van  der  Waals  attractions  than  do  0 
atoms  Couiombic  contributions  to  tne 
total  interaction  energy  were  found  to 
be  very  small,  suggesting  that  the  di¬ 
electric  constant  ot  a  potential  solvent 
tor  these  (unprotonated)  polymers 
Should  be  of  no  importance,  and  tnus 
in  agreement  with  experiment  (2) 

Calculated  densities  were  found  to  be 
in  good  agreement  with  the  experi¬ 
mentally  obtained  densities  of  tne 
model  compounds  (2),  particularly  m 
tne  way  they  vary  with  cnanges  in  the 
siruaure  ot  the  repeat  unit  T he  re¬ 
sults  indicate  tnat  tne  higher  density 
tor  tne  PBT  polymer  is  ouetotne 
higner  atomic  weight  of  S  relative  to 
C,  ratner  than  to  more  efficient  cnam 
pacKing 

Because  of  their  stiffness,  the  PBO 
and  PBT  cnams  are  very  nearly  intrac¬ 
table.  being  insoluble  in  all  but  the 
strongest  acids  and  very  difficult  to 
process  into  usable  films  and  fibers. 

T nese  m,ateriais  may  be  made  more 
tractable,  however,  by  tne  insertion  of 
a  limited  num.ber  of  atoms  or  groups 
Chosen  so  as  to  impan  a  controlled 
amount  of  additional  flexibility  to  tne 
chains.  T ne  insertion  ot  even  a  smiall 
number  of  flexible  molecular  frag¬ 
ments  or  ‘syrivels"  into  suen  cnains 
will  increase  tneir  ilexibiliiy  ana  tracta- 
bilny  by  allowing  mutual  rotation  of 
adiacent  cnam  elements  about  tne 
swivels'  rotatable  bones.  (Suen 
swiveis  aiso  nave  tne  advantage  of 
facilitating  the  poiymenoation,. 

In  swivels  of  the  type  Ph-X-Ph-X-Ph 
(Fig.  2;,  where  Ph  is  phenylene  and  X  ' 
IS  tne  single  atom  O.  S.  Se  orTe.  MM 
calculations  (2.3i  reveal  that  tne  suliur 
swivel  has  the  aavaniag^  both  in 
ecuiliorium  flexibility  (more  low-energy 
and  thus  accessible  regions  in  config¬ 
uration  space;  and  in  dynamic  flexibil¬ 
ity  (lower  Darners  between  energy 
minima).  A  number  of  somewnai  more 
complicated  swivels  were  aiso  inves- 


Figure  2:  Example  ot  a  Pn-X-Pn-X-Pr 
stv/vei  With  X-C 

tigated.  \'io.,  --CO-.  --SO2  --Ch^ . 
and— C(CF3;2—  On  tne  basis  o‘ 
both  thermal  stability  ano  ccnio  rrTtci' 
tional  flexibility,  the  most  promising 
swivels  from  this  expanded  group 
are  — O— .  — S— ,  — C(CF3;-— ,  ano  - 
-CO-. 

Wholly  arom,atic  swivels,  such  as  d- 
phenvlene  and 2.2-dipyridylene, 
snould  nave  the  greatest  thermal  sta¬ 
bility.  T ney  can  maintain  parallel  ccnti.^- 
uaiion  of  tne  chain  if  bonded  to  n 
e.mer  ortho,  ortho  (00;  ormeta.  meta 
(MM)  (Fig,  3,.  CNDO/2  calculations  (2 
earned  out  on  a  num.ber  cf  tne  wholly 
aromatic  swiveis.  vc,.  biphenyl,  2.2  - 
bipyrioyl,  2-phenylpyrioine.  2.2'-b;pyf- 
imidyl  and  2-phenyipyr;midine,  reveal 
tnat  increase  In  tne  number  of  nitro¬ 
gen  substitutions  generally  de¬ 
creases  the  energy  of  tne  coplanar 
coniorm.ation  and  increased  tne 
overall  flexibility  of  the  swivel. 

Only  very  strong  acids  such  as  mstr- 
ane  sulfonic  acid  ano  poiypnospnonc 
Continuea  on  page  'u 
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Figure  3:  Tne  wnoliy-arorratic 
c, phenylene  swivet 
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acid  are  solvents  tor  these  materials 
Proionation  ot  the  rodliKe  PBO  and 
PBT  Chains  and  their  model  com¬ 
pounds  in  acidic  media  will  have 
sonilicani  ettects  on  their  solubility, 
solution  behavior,  geometry  and 
conformational  characteristics.  Freez- 
inopomt-Oepression  measurements 
;;  or'.  PBO  and  PBT  mooel  com¬ 
pounds  have  indicated  that,  oepend- 
ino  on  the  acidity  ot  the  medium,  the 
PBO  model  can  exist  as  a  di-proton- 
aied  ion,  presumably  with  one  proton 
on  each  ihighly  basic.i  nitrogen  atom, 
or  as  a  tetra-protonated  ion,  presum- 
apiv  with  the  other  two  protons  on  tne 
cxygenatoms  The  PBT  model com- 
pouncs  appear  to  prefer  tne  di-proton- 
aied  lorm  owing  to  tne  lower  casicny 
c:  somu:  atoms  relative  to  oxygen 
atoms 

Intermolecular  MW  calculations  ,'2;  md  - 
cated  that  protonation  of  the  chains 
Should  greatly  oecrease  tne  mtermc- 
lecuiar  attractions,  even  at  tne  ver^ 
nign  dielectric  constants  cnaraaeristic 
of  strong,  undnuieo  acics,  Tnis  conclu¬ 
sion  IS  consistent  wrtn  tne  tact  tnat 
oniy  extraordinarily  strong  acios  are 
solvents  tor  these  types  of  polymers 
Another  efiect  ot  proionation  is  to  en¬ 
hance  conjugation  (lavonng  copian- 
aniv'  between  tne  phenylene  rings 
and  tne  aromatic  neterocyciic  group 
,'2,3,  This  increaseo staDiiizaiion of 
tne  cooianar  forms  appears  to  more 
man  cftset  tne  repulsive  ettects  o' 
sieric  interferences  Changes  in  tne 
'u'V-visbie  and  Baman  spectra  (8)  of 
these  species  upon  proionation  are 
consistent  with  this  oescrioed  in¬ 
crease  in  conjugation.  Further, 

CNDO,'2  calculations  (2;  predict  the 
croer  of  protonation  within  the  £it- 
PBO  model  compound  to  be  N.  N,  0, 

C  which  IS  consistent  with  the  greater 
casicriy  of  nitrogen  relative  to  oxygen, 

Ccm.outation  of  the  polarizabilities  of 
tne  FBO  and  PBT  chains  is  of  consid¬ 
erable  imponance  in  the  interpretation 
of  solution  properly  studies  such  as 
flow  birefringence  measurements  (9) 
which  are  earned  out  to  obtain  rheo¬ 


logical  time  constants  and  orientation 
prameters  relevant  to  the  processing 
of  these  materials  The  perturbation- 
CNDO  method  gave  values  of  the  av¬ 
erage  polarizability  that  were  unreal¬ 
istically  small,  but  the  atomic  additivity 
and  bond  additivity  schemes  gave 
more  realistic  results,  m  gooo  agree¬ 
ment  with  each  other  (2).  The  PBT 
chain  IS  predicted  to  have  a  larger  val¬ 
ue  of  the  average  polarizability  than 
tne  PBO  Cham,  since  tne  C-S  bond  is 
much  more  polarizable  than  the  C-0 
one  The  calculated  results  were  used 
to  estimate  values  of  the  anisotropic 
ratio  6  directly  applicable  to  the  inter¬ 
pretation  of  flow  birefringence  caia 

T he  same  structural  features  mat  give 
tne  oesired  rigidity  in  PBO  and  PBT 
Chains  aiso  give  extensive  charge  oe- 
localciaiion  and  resonance  stabiliza¬ 
tion,  Such  Characteristics  are  common 
to  poiymenc  miaterials  exhipnmg  elec¬ 
trical  conouaivity.  Electronic  band 
struaure  calculations  on  cis-PBO, 
t'3''s-PS0  and  irans-P8T  chains  in 
tnsir  copianar  conformations  yieloed 
pane  gaps  in  tne  axial  direction  of 
1 .72. 1 .62  and  1 .73  eV,  respectively 
12; ,  Since  trans-PBT  is  non-planar, 
calculations  on  it  were  also  carried  out 
as  a  function  of  its  rotation  angle.  T ne 
pane  gap  was  found  to  increase  miark- 
ediy  with  increase  in  nonplananty.  as 
would  oe  expected  trom  tne  Decrease 
in  Charge  ceiocalization.  No  discern.- 
Die  oispersion  of  tne  energy  panes 
pependicularto  the  chains  was  mdr- 
catec.  suggesting  that  the  neignpor- 
ing  Chains  are  electronically  non-inter- 
aciive,  as  was  louno  earlier  lor 
poiyacetylene  ana  polyethylene  ,'2(. 

All  ot  these  values  ot  tne  axial  band 
gaps  in  P30  and  PBT  are  very  close 
to  corresponding  values  ot  1  4  to  t  .8 
eV  reponeritorlrans-DOlvacelvlene , 
i2; .  a  much  siuaiea  polymer  with 
regard  to  electrical  appiicaiions. 
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'"‘v  enefcj\  •  Pcina  sifucture  anc  pfcterred  i  minimum  energo  conlormaiion  of  the  recenii\  svn- 
:nes,*:ec  :)Oi\ rten^othiazoies  (PET  AA  and  AE  type)  representing  a  nev\  class  of  high-pertof- 
^'^nce  poivme''S.  were  oetermmed  by  mcuecular  orpitai  calculations  m  the  case  of  tne  AAPBT 
thi  siaL'ie  conformation  \Aas  ot)iainen  at  c--  (rotanon  angle  about  tne  pond  lommg 

the  twc'  0  trikijote  mo'eties'  '  2C  arto  !.■.  irotanon  angle  about  tne  Liond  loming  tne 

Li  “  k’otr.iazoit  groj:'  ano  the  /:•  pnenviene  group*  -  1C'  In  tne  case  of  tne  ABPET  chain, 
the  corfesponairig  mirnmum  enerq\  rotational  angle  u;  ’  was  found  to  be  2C‘  Tnese  contor- 
mations  actfrt.  ta  nv  v.eli  wttr  ootr,  theoretical  and  experimental  ooservations  Tne  calculated 
axi(ii  banc  gaps  were  "  94  anc  2  06  e\  for  the  AAPBT  arid  '^BPBT  polymers  respeciiveiv  arte 
’hese  Venues  are  t 'ose  tL  tt'e  CC»rresponcimg  value  tor  po'v ac  etviene  consioe^ed  a  protoivfte 
e'ectnco'i’v  conoLJct  ng  poiymer  because  of  its  novel  electronic  properties  ana  manifold  aope- 
cn’T  '■'s 


1  Introduction 


;:vj  faPrkkiUan 


v..:jt:aiis  or  sirhuir  pohr-^^rrs  sujn  poAi  r-rncm- 
;:r':  ‘  iFhU'.)  isr'.c  pniv;  .•’•pi'.viniciev 

r-j:h‘or'i''tnM^v>iv  iI’BT  * ’t’’  jnc  trvj  striivt u-wi a  fci.it-vc 

rh".  nc'N  A  arc  A  > '  nave  >run'.  ;•  ;nc:' 

r’aniisi'  a*-  sL’mivah’.auc’.irg  rr,a:c^lai^.  ir.  tact,  tncir 
ww.-aia'.L‘C  oanc  aap^  skc'c  \i''\  vkAC  lo  tnat  found  lor 
r  '  '■  avc: N 'cnc.  a  roi'.mc'  c\'.cr.si\CA  *'’.adied  Pik.:usc 

S'.arja-c  cMitrceJ  Huvm:'.  c.t.wU.ation*^  v.am:  nerr. 
h  arc  h  ’■t’rh’^’.u.v  ''ar'iC  •iyuaturc'  o:  n\ criKarnor. 
r  1  ■  i-i  ksim  vkc!.  It  v'.o  U'.vrLhc’ri 

■'  •  '•  pv  I  ■'  p.'i'.  ricatA  of  ran  J  st:  u^turt 

• 'O  i.  .;r  l’  t:i.  oxh.T.occ  f'ijwrci  icvr.niauc*  uitr.ir 
r::ia;r;a  .mr'h'M.r.kior.  Tra*  o’  pr-.'- 

'•.•'h  ir/v'-ao  ar-.  -r'ln'jr/i'tnia/i'ivl.If-civr- 

.  .‘.r-:  I  I  A  A  Pin  i  .-nc  pei_\ ,  d.^'Pcn/otnia/oiih 
1  '-ABf’HT  I  iF-;p^  1  and  Zi  in  order  to  overcome 
s.  -'t'j  irikM.  d:!:ivaities  isuvn  a*'  nonaiienmeni  of  c 
.r.e'hi^a,  repeat  ur:t  aioni-  prelerrcd  direction  anit 
•i^'rperi.idicih.  a  vpec.!i.  pehodic  arranpement  u.o 
^’-.er  ir  un;cn  tne  scc('r.(.:  onenucji  unit  wax  rolalevt 


'''  'a.itr,  re-'Pect  i>,'  tne  ;i->;  unit  aPou;  the  pond 
the  ivxf  unit-,  Smuiarix.  in  tne  cum-  of  ABPiPI . 


lou'  vneniica  rur-va’.  u'uIn  ucre  c:u»'er:  in  tne 

0  uere  *ot.j:e<:  iHi'  vMkh  respect  ti'  tne 

!  'st  :u('  units  .lOv'ut  ;ne  not;C  ^onniie  '.ne  pair  f-urttie' 
'.ipPv'Tt  lo'  seicctrne  suet,  an  arrai:ecnvcr.;  ua'  lu'- 
?:;•  ned  erpiiw:’.  nioieca-a'  orrikil  i  M(1 '  eaicu.alKMA 
a:  tne  evtenoeJ  fiueKe;  i>pe  c'n  ntooc;  vontpounjs 
-\A!'fK»  atiC  AiiPhC*  po  '-mef'. 

2  Theory 

Tne  p'ese’V.  imcsticatior  empiovs  the  extenued 
fiuwf.e.  tr.e,''>  xMtnm  tne  tipri-mndinp  approxinuiion 
un-.w’.  ruo  Peer,  discusveo  in  ociuu  eiseunerc  it. 
i  .  1 4’  T ne  evtenoed  H  u-kei  meuiod  i>  aiso  Kn<nx  r.  as 

tne  uiiiKCP  •  ^Volfspcrp- Hcimnoi:/  iccnniuue  (15!. 
vx  men  empioxs  an  empirical  fiammonian  represcniirtp 
one-eiectror  enerpx  Tne  cnerpx  expectation  xaiuen 
uere  ev.i:u.:iec:  usme  a  linear  cc'rni'ninaiu'r.  of  atomic 
ormtao  'LCAO;  hnefix.  tne  nci  (.*f  ali  etterpx  bancs 
associated  iron,  tne  somtiori  *,'t  the  secular  cauatu'r 

/,\k^C,^k  =  .S.  CaAi^iA. 

dcswioes  ttk  Dane  structure  «.•;  tiie  <.'ne-d.rnensu'n.r 
poiyrpcr  c:;a:r;.  xxnere  //'Ai  is  the  Hanuitc'iuan  xme*- 
aiot.  .SiA  I  is  tne  over.ap  matrix,  and  (  lAi  is  me  cxr-ar  - 
sioi  coelhcier.t  in  IC  ACi  Tne  fiamiitonian  operato' 
Is  mo-dilicd  aecoreme  to  this  approxirr.i-lK'n  as 

//,  =  f.s  ir  - 

\xher’.  /.  Is  scaiine  p.ir<imcter  lusualix'l  aikl  L 
ceni'les  me  xme-c!cctror.  cipenxaiues  of  tlie  naso 
icxels  Cnxjnp  lo  sxmmetrx  consioerations  the  enerpx 
n.inds  are  ceicrnuned  vxahin  the  first  Briuouir. 
/I'ne.  —  II  '  A  A  e-  0  5  A  ixsiiere  A  -  2r.  a  is  me 


ni'ZZ-  kn  Sip'  in.  ^ 


.ryxr,  Cmin-tiiif.  anJ  !ij.. 


s 


rcw ipr I 'S..1 !  j.iUiw'f  \  i.\  lo'  .nui  u  w  Hu'  hjM''  v  i.\‘ior  c't  liu' 
I ionj :  n\ ri'nvjir^  wnich  in  parallel  U'  the  ehair* 
avis  I  'I  lie  prelerrt\'  eonU'rmatuM!  was  Jelerniinei* 
livVTi  eak'uia'.ine  ’.he  U’lai  enerev  per  uni!  ce!!.  as  eiver. 


v*.  '  -'e  L  lA  I  IS  ti'e  li'lat  cncrev  a:  the  vvave  veeu'i  A 
.m::  ...praine  me  cvienoee!  Hiiekc;  nicttioc. 

r.Ai  -  :  ^  r.iAi  u. 

The  input  values  oi  the  ni>nd  lenelhs  and  oond  aneies 
were  oMaineJ  trvini  the  \-ra\  ddlraelK'n  studies  of 
PMT  m.ide'.  eonipouiid^  [iP;  and  MiPin'  itself  Ji"’] 
The  laPtee  sums  were  c«irr»eJ  ou:  ivifv  lo  pts:  neurev: 
netenhours  nee.iuse  ot  ;ne  larec  si.-e  of  me  reitcat  mu: 
Trie  ev!erK)ed  liuckei  parameters  used  lor  caieu- 
latu'^ns  were  oPiained  irvur.  the  literature  [I.  12'. 

3  Results  and  discussion 

•\  ^lOseu  shell  svs'.etv  fuis  Peen  adopted  lo:  me  present 
ei  'I  :•  '^'s  in  w lueh  me  repeal  umtv  of  pom  -XAfMiT 
\df’HT  uhains  eontair  ever,  numPcrs  of  vaience 
eiee:ron>  AttcPiPts  nave  peer  made  to  oetermme  the 
most  staple  cv'niormatuin  wim  respcut  to  me  roiauoiis 
C  and  {,■  -  pv  w'.uJu. aline  me  lota;  cnerev  of  a  unit  cell 
as  a  tunetioh  o:  A  fv’r  d. Merer;  values  i>:'  me  dihedral 
.meies  iC  e  i.-  :■  Isp  ,  ('  s  r.  uw  ,  usme 
Mterements  of  IP  Tne  resuPo  lor  AAPl^T  chair,  are 
snow  r,  in  Fnjs  and  -  ( »w  me  to  me  variations  of  tne 
lattice  vectors  lo'  each  rotation,  me  reciprocal  lattice 
vecto.'  A  o  no  aviee'  a  constant.  :nr  iota’  cnerrv  per 
unit  cell  r  vsas  tnu'  evaluated  usine  a  poivnomia! 
ti:  MM  £'  I A  I  in  Pc  uatuv,  '  f-  rv'm  T ic  f  m  vs  as  i'pse'’ved 
that  the  n.inmium  enc'ev  con: y'rr:iat:s''h  wasontained 
!o’  d  ~  2''  's"  ’t'  suppiemero  1m'  i  and  c-  “  P’ 
vsMh  ve'‘v  sm.P,  ene'ev  dP'e'ences  m  the  ranee  ol  P  to 
2'’  ahid  IM’  The  v.iiue  OPtaincd  U'' C’  .wnich 


I’liuips.  is  lit  L’»H»d  aereemen;  wiih  the  torrest'oriduu 
csMiis>rniatu»n  ohiained  tvu  bipiienvl  The  pre 

liicicd  Value  I'f  2p  toi  c*'  Is  alstt  III  cvcelien:  acreemen; 
with  ou'  previous  studies  T;  aiul  the  o''  iniin'  results 
ot  Xinit'l  I Tne  prcicrred  <»ricntalion  o!  m  * 
suher  twist  anele  0-.  vvlueh  m  the  rolatiou  ol  the  kuie 
pneiivlene  nne  with  respect  i«»  the  bihcn/ohisthia/oie 
nu'teiv.  ci'rresp(»iuls  u<  c-  =-  IP  and  the  Pond 
evhiPils  consider. ible  rotational  lievibiiitv  in  the  raiiev 
ol  <;■  =  0  to  2ti  T  he  ctirrespondihe  preterred  aneie 
tri  case  (*l  AAf^KO  js  l»  tpiaiiar  eonlormalioh t  The 
nohp'.ana'  conis>rniatioT;  predicted  in  me  c.ise  of 
•\  \IMiT  Is  proh.ihiv  due  is-  the  presence  o!  me  reia- 
meiv  laree  sulphur  aitnus  in  place  of  me  ovveer 
.Horns  lound  in  the  AAlMiO  chain  \  or  me  nipen/o- 
mia/‘*}e  mi*ici\.  in  me  pian.ir  lorni  up,  =•  P  *  me 
j)onpond;\i  distance  nctweer.  the  closest  I’rtuotud'o 
eens  tni  .uiiacer.l  piienv  i  rin^s  is  ncariv  ('  I  >  f'  nn-’,  - 

pared  with  me  sum  ol  van  ocr  X^aaK  radu  0  2dnm( 
Hi'wevet.  these  repulsive  inieractuuis  can  he  reiievevf 
Pv  r.'t.itiori  to  c  =  2o  to  'O  ,  at  whicn  trie  H  H 
distance  vvouid  be  jp(»ut  {'2inn'.  Such  duasi  non- 
piahar  structures  could  possipiv  result  in  intenocKin.: 
me  Chains  lorir  nciworKs  vMtr.  miproveo  siiaii 
Packine 

Similar  Calcuiatums  were  earned  out  lor  X HlTiT .  a 
tvpical  plot  of  £'iAi  acainst  A  is  shown  in  T  ie  (  T  ne 
coniorm.aiiorvai  cncrcv  Ai.  as  a  tunction  of  rotational 
ancle  C  is  snown  ir.  Fic  ”  It  indicates  me  minirr.urr, 
cnerev  coniormation  at  c  -  2-'  IPP  Tne  prcicrred 
conformation  of^  c  =  2P  lor  iis  supplement  loo  i  n 
ir.  eood  acreement  wiir.  tne  results  carried  out  or 
s'.ructu'aliv  similar  model  vompiuinds  ol  I'HT  1: 
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in'.in.ii'.'  :nt.'  lo'  siL’nificani  cfcciror. 

NU'rv'''MV.  ’tv:  n ,j :i 0. v*. r  U'vintt  [(' 

ir  'nc  eo\MU\!  iron^  uu'  cc'pian.r 

.iru”  r:' j \ : ti u rt*.  a’,  ’nc  rcrpcn- 

c('riH'r!7'ui;i^’r.  1  niN  rrcuiciu'n  u  in  aurccmcn’. 
::r,  t.’i:*  prcMi'U''  w'aiciiM:i^''ns  or  siniij-  niouci  cono 
t.  ""  Tnc  Ocpcntlcncc  o'  l  or,  rv.'t,»pon»; 
ncic  i;  lor  i'-  r:.uM:.iU'iJ  in  P:;:  lU  T  nc 

.iraMoic;-  jr.J  Kannir  spectroscopic  stuJics 

'  njvc  Peer  rtjoc  !o  exarnne  inc  crlcc:  of  proioj'- 

;:or  O'  nc’.cri'Csciic  neu-roj  poixpic'  Pv'Oi  .'■■* 

ncr'.  icnc  pcr.cop;s;na./oic '  anj  il-  mo«.ic'.  com- 
oanOs,  p'C.or.'jirc  lO'  :nc  same  c;ass  p-  polsn:’■•^^ 
n I ort an.r.'Ci '. .  e.t  r'C'cnt.  tnerc  arc  no  cxpcnn^cniii. 
.•sa.l'  a»  a.^aPic  lor  c on' pa ri so r'  v.  itn  t  ncsc  tncorcticaf 
i.'".  rMiu;  tJD'  .uu:  p.;n,;wid',n'  of  '.nt’se  !iii:h 
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the  poicnti.ii  o;  inese  iii(.T  peri.oni.inee  poieniers  .i' 
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W.  J.  Welsh.*'  L.  DeHolt.  and  J.  E.  Mark 
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Cincinnati.  (fni(>  -ifi'J'Jl.  keccived  April  1,  19^6 


ABSTRACT:  Conformational  r-nfrpy  calculations  using  m(»lecular  mechanics  (M\ti  methids  were  earned 
(nil  on  sepnients  of  poiysiiant  (-SiH_-|  and  polyldimolhvlsilylene)  |-Si(CH and  Ihi-  rpsulif  were  compared 
with  the  puhliahed  full-reiaxat ion  calrulaiiona  of  Itamewood  and  \\  est.  The  three  MM  methods  compared 
idesipnated  NR  for  “no  relaxation".  PR  for  “partial  relaxation“.  and  FH  for  “full  reiaxatiori  i  difler  in  the 
extent  to  w  hich  they  permit  molecular  relaxation  ideformation)  in  order  to  achieve  energy  minimization.  All 
three  MM  methods  show  polysilane  to  prefer  0*0*  states  over  the  corresiiondint:  FT  slate  by  (1. :<-(). .  kcal 
mol  in  contrast  to  the  analoftoiis  ri-alknnes.  which  prefer  TT  over  0*0*  by  ca.  1.(1  kcal  mol  '.  P.ven  Ci*0' 
sUiies.  commonlj'  found  to  be  prohifiitive-ly  repulsive  for  the  n-alkanes  and  most  other  polvmers,  were  [irelerred 
over  the  TT  states  bv  (i.4  kcal  mo!"h  Nearlv  all  repionsof  confipurational  sfiace  were  within  2  kcal  mo!  ®  of 
tne  minima,  indicalinp  considerable  chain  flexibility.  For  polyfdimelhyisilylenet  the  three  ,MM  melho(i‘(  differ 
111  terms  of  predicted  conformational  preferences.  While  the  KR  calculations  predict  preferences  for  TO  and 
TO*  slates  over  the  corresponding'  G’O*  states  by  ca.  4  kcal  mol”',  the  FR  calculations  in  contrast  indicate 
preferences  for  0*0*  states  over  TT  and  TO*  by  ca.  0.9  kcal  moF'.  with  the  PR  calculations  yieldinp  results 
intermediate  between  these  two.  Calculated  values  of  the  characteristic  ratio  .  for  jiolysilane  are  rather 
low  (4.02  at  25  “Cl  but  increa.se  with  increasinp  temireralurc.  indicalinp  low  c'nain  extensibility  and  hiph  flexibility 
with  increased  occurrence  of  the  hipher  enerpy.  chain-extendinp  trans  states  over  the  preferred  pauche  states 
as  temperature  is  increased.  Values  of  C„_.  for  polyidimethylsilyienei  at  2.5  “C  are  l.i.O.  12.2.  and  12. .5  based 
on  the  .\R.  PR.  and  FR  results,  respectively.  These  relatively  Inrpe  values  reflect  a  more  inflexible  and  extended 
chain.  The  close  apreement  in  0„_.  values  yielded  by  the  three  MM  methods  tor  polyidimcthyisilyiene). 
despite  the  differences  in  conformational  preferences  predicted  by  each,  is  a  consequence  ol  compensatinp 


lactors. 

IntroJuctioa 

Polysilanes,  having  chain  backbones  consisting  entirely 
of  silicon  atoms,  represent  a  fascinating  new  class  of 
polymeric  materials  with  potential  applications  in  such 
diverse  areas  a  ceramics  and  semiconductors.  Polysiiane 
copolymers  containing  alternating  phenylmethylsiiyl  and 
dimethylsilyl  units,  commonly  known  as  “polysiiasTxTene", 
are  soluble  polymers  that  can  be  melted,  molded,  cast  into 
films,  or  drawTi  into  fibers.  When  exposed  to  ultraviolet 
light  they  undergo  cross-linking,  becoming  rigid  and  in¬ 
soluble.  while  heating  above  800  °C  converts  the  polymers 
to  silicon  carbide.'  Experimental  studies'  indicate  that 
poiysiiastyrene  appears  to  became  semiconducting  upon 
addition  of  chemical  dopants;  thus  this  and  possibly  other 
poiysilanes  add  to  the  growing  list  of  conducting  and 
semiconducting  polymers. Investigations  are  also  under 
way  to  measure  some  of  the  configuration-dependent 
properties  of  a  series  of  substituted  polysilanes.®  '  These 
results  can  be  compared  with  those  obtained  by  theoretical 
methods,  based  on  the  rotational  isomeric  state  approxi¬ 
mation  using  conformational  energies  computed  from  em¬ 
pirical  potential  energy  functions,®  to  provide  information 
regarding  the  rotational  flexibility  and  preferred  confor¬ 
mations  about  individual  backbone  bonds.  Damewood  and 
West  (DW).  using  full-relaxation  (FRl  empirical  force-fieid 
techniques,  have  investigated  the  structure  and  confor¬ 
mational  energies  of  molecular  tragments  of  both  poly- 
silane  [H-(SiHo).-H]  and  poly(dtmethylsiiylene)  [Me- 
(SiMeslj-Me].''  The  present  study  focuses  on  using  the 
calculated  structures  and  conformational  energies  of  DW 
along  with  conformational  energies  calculated  with  two 
other,  more  simplified  force  fields,  to  compute  the  un¬ 
perturbed  chain  dimensions  (r'),,  of  polysilane  and  poiy- 
(dimethylsilylene).  Results  are  compared  with  those  ob- 


'  Current  address:  Ileparlment  of  Chemistry,  University  of 
Missouri — St.  Louis.  St.  Loui-s,  MO  62121. 


Tahir  I 

Structural  Parameters  for  [-Sill;-]  and  [-Si{CIlj)j-]  Used 
in  the  Prcscnl  Caiculations 

|-SiH;-l  i-SitCHaiH 


'oond  ienpths* 


Si-Si 

2.54 

2.35 

Si-C 

1.67 

8i-H 

1.48 

u-H 

2.10 

bond  anples^ 

Si-Si-Si 

109.4 

115.4 

Si-Si-H 

110.0 

Si-Si-C 

108.5 

Si-C-H 

110.0 

"In  angstroms.  ^  In  degrees. 

tained  by  similar  methods  for  some  analogous  hydrocarbon 
chains. 

Methodology 

Details  of  the  methodology  used  by  DW  to  calculate  the 
structure  and  conformational  energies  of  the  two  polymer 
chains  are  given  in  ref  9.  Briefly,  they  employed  the  em¬ 
pirical  force-field  program  known  as  after  deriving 

several  Si-related  parameters.  DVV  adopted  the  option 
available  in  MM2  foi  complete  relaxation  of  all  internal 
degrees  of  freedom  (viz.,  bond  lengths,  bond  angles,  and 
torsional  angles)  to  achieve  conformational-energy  mini¬ 
mization.  Hence,  we  refer  to  their  technique  as  FR  (for 
“full  relaxation")  to  distinguish  it  from  the  two  other 
force-fieid  techniques  to  be  described  herein. 

The  two  other  techniques  used  to  calculate  conforma¬ 
tional  energies  shall  be  referred  to  as  NR  for  “no 
relaxation’  and  PR  for  “partial  relaxation”.  They  differ 
from  the  FR  technique  of  DW  basically  in  the  degree  to 
which  they  allow  relaxation  of  the  molecule's  internal 
degrees  of  freedom  in  order  to  achieve  energy  minimiza¬ 
tion.  The  NR  calculations  employed  a  force  field  which 
includes  both  steric  (nonbonded)  and  torsional  terms  and, 
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Fijfure  1.  Illustration  of  the  polysilane  chain  sejiment  considered 
in  the  NR  caicuiatjons. 


CM,  CM,  Cm,  Cm, 


Cm,  Cm,  Cm,  Cm,  Ch,  Cm, 


Figure  2.  rUuslration  of  the  polyidimethyliilylene)  chain  sepnent 
considered  in  the  NR  caiculations. 


for  all  conformations  (i.e..  torsional  angles)  considered,  the 
energy  was  calcuiated  without  allowance  for  any  molecular 
reia.xatiun  (deformation)  as  a  means  to  achieve  energy 
minimization.  Hence,  the  molecule  is  modeled  as  being 
essentially  stiff  except  for  torsional  rotations  about  the 
backbone  bonds  of  the  chain. 

The  PR  force  field  differs  from  NR  in  that,  for  each 
conformation  of  poly(dimethyisiiyiene).  the  energy"  is 
minimized  with  respect  to  torsional  rotations  about  the 
pendant  Si-CHj  bonds  in  the  chain.  In  comparing  the 
three  force-field  methods,  we  see  a  progression  in  the  order 
NR.  PR.  FR  of  increased  allowance  for  molecular  defor¬ 
mation  of  the  internal  degrees  of  freedom  so  as  to  achieve 
energy  minimization. 

Conformational  energies  E  calculated  with  the  NR 
technique  were  obtained  for  the  chain  segments  illustrated 
in  Figures  1  and  2  as  a  function  of  the  rotational  angles 
Oi  and  q,  w'ith  bonds  a  and  d  held  in  the  trans  (o  =  0°i 
conlormation.  The  PR  calculations  on  polyidimethyl- 
siiyiene)  considered  the  segment  [SiiCH^’loj.;  so  as  to  he 
compared  directly  with  the  FR  caicuiation.s  of  DW.^  Each 
of  the  l(i  methyl  groups  in  this  segment  was  permitted  to 
rotate  independent  of  one  another  about  the  Si-CH .  txind. 

Pertinent  structural  par.imeters  u.sed  in  the  N'R  and  PR 
caicuialions  are  summarized  in  Table  1.  The  values  chosen 
were  taken  from  the  FR  calculatioas  from  D\V-'  as  averages 
lor  the  most  stable  i minimum  energy'  conformations. 
Thus  the  corresponding  C-C  (1.53  Ai  and  C-H  (1.10  A) 
bond  lengths  in  the  structurally  analogous  n-alkanes""""’  are 
subsianliaily  smaller,  and  the  additional  ~0.S-A  length 
o!  the  Si-Si  bond  relative  to  the  C-C  bond  would  be  ex¬ 
pected  to  reduce  considerably  the  severity  of  repulsive 
interactions  in  the  polysiianes.  At  the  .same  lime,  however, 
the  additional  length  of  U.3S  A  for  the  Si-H  bond  in  po- 
iysilane  over  the  C-H  bond  in  the  n-alkanes  could  act  to 
ofisel  this  by  rendering  the  pendant  H  atoms  more  prox¬ 
imate  and  hence  the  interactions  more  repulsive  for  certain 
conformations.  Likewi.se,  for  some  conformations 
CH,— CH|  interactions  may  be  more  repulsive  in  l-Si(C- 
H  ,);-]  than  in  1-C(CH  ,).,-]  owing  to  the  greater  length  of 
the  Si-CH,  bond  (l.,S7  A)  relative  to  the  C-CH^  bond  (1.53 
Aj.  The  C-C-C  and  C-C-H  bond  angles  in  the  n-alkanes 
are  112°  and  1()9°,"'  '-  respectively,  and  these  are  nearly 
identical  with  tne  corresponding  angles  used  here  for  the 
pedysiianes. 

For  the  NR  calculations,  the  nonhonded  (NBi  inlerac- 
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tions  were  described  by  the  exp-€  potential  energv  func¬ 
tion' 

=  A  exp(-fir)  -  C/r^  (It 

where  r  is  the  interatomic  distance  for  a  given  interaction 
and  A,  B.  and  C  are  the  nonhonded  potential  energy  pa¬ 
rameters.  as  given  in  Table  II.  The  parameter  C  char¬ 
acterizing  the  attractions  weis  calculated  from  atomic  po¬ 
larizabilities’^  by  application  of  the  Slater-Kirkwood 
equation. '■*  Values  of  B  for  a  like-atom  pair  were  taken 
from  Scott  and  Scheraga'^  while  values  for  an  unlike  pair 
were  given  by  =  (B„Bj,)’^^.  The  corresponding  values 
of  the  parameter  A  were  then  determined  by  minimizing 
eq  1  at  =  r,  -f-  rj.  where  r,  and  r-  are  the 

"augmented"^  ’®  van  der  Waals  radii,  taken  from  crystal 
structure  data.’’ 

For  the  PR  calculations.  was  expressed  in  terms  of 
the  familiar  Lennard-Jones  (LJ)  12-6  function 

£nb  =  A  yr’”- C/r«  (2) 

with  the  attractive  parameter  C  the  same  as  above  and  the 
repulsive  parameter  A',  calculated  in  similar  fashion  as 
described  for  A  above,  given  in  Table  II.  These  two 
equations,  eq  1  and  2,  yield  virtually  identical  vs.  r 
profiles  for  a  given  atom-atom  interaction:  howeve.'.  use 
of  the  LJ  12-6  function  obviates  concern  over  the  spurious 
maximum  encountered  in  eq  1  for  r  « 

As  a  result  of  the  larger  size  and  greater  polarizability 
of  Si  relative  to  C.  the  potential  energy  minimum  for 
Si— Si  is  rough!}"  4  times  as  deep  and  located  0.50  A  more 
distant  than  that  for  the  C— C  interaction.  Likewise  the 
Esb  minimum  for  the  Si— H  interaction  is  about  twice  as 
deep  and  0.25  A  more  distant  than  that  for  C— H. 

In  both  the  NR  and  PR  calculations  the  torsional  term 
was  given  by  Etor  =  (Eo/2)(l  -  cos  3b),  w"ith  o  the  rota¬ 
tional  angle  and  Ep  the  intrinsic  torsional  barrier  height. 
The  value  of  E,,  for  the  Si-Si  bond  was  set  at  1.2  kcal  mol"', 
which  is  considerably  smaller  than  the  corresponding  value 
(2.S  kcal  mo!"')  ased  in  most  calculations  for  the  C-C  bond 
found  in  the  n-alkanes.®'’"  ’^  This  feature  will  tend  to 
flatten  the  potential  energy  surface  of  silane.s  relative  tv 
the  analogous  alkanes.  In  the  PR  calculations  E,.  for  the 
Sl-CHj  bond  wa.s  taken  as  0.40  kcal  moL'.  These  E-,  values 
correspond  closely  to  those  used  in  the  FR  calculations  of 
DW  Thus,  the  polysilanes  and  the  n-alkanes  difler 
markedly  in  terms  of  both  their  structure  (i.e..  bond 
lengths)  and  their  energx"  parameters,  and  these  differences 
manifest  themselves  in  the  potential  energv"  surface.^  rul- 
cuiated  for  tne  two  type.s  of  chains. 

While  the  PR  methodology  and  more  so  the  Nl:  -..eth- 
odoiogv"  represent  simplications  relative  to  that  eir.uioyed 
by  DW,  tiiey  do  offer  several  benefits  in  that  (]  i  ;ne  com¬ 
putational  speed  and  affordability  of  these  caiculations 
permit  use  of  fine  grids  and  (21  in  scanning  the  lull  range 
of  conformational  space  (rather  than  seeKtng  energy  min¬ 
ima  unlyi,  these  methods  traverse  the  enure  contorma- 
tional  terrain  and  quantify  domain  sizes  and  rotational 
barriers  needed  for  an  analysis  of  dvmamic  flexitiilitv  and 
cuiifiguraliun-dependent  properties.  Such  methods  are 
thus  compiementarv  to  the  computationally  more  rigorous 
full-relaxation  methods  such  as  that  employed  bv  DW  . 
which  are  designed  to  locate  energv"  minima  (glooal  or 
local  I  within  conformational-energy  space.  The  current 
literatur;  contains  numerous  examples  of  configuration- 
dependent  properties  calculated  for  a  variety  ol  polymers 
on  the  basis  of  conformational  energies  derived  from 
methodologies  of  the  N'R  and  PR  type."  ’-  '^*'-"’^ 

f'onlormat ional  piiergv"  maps  based  on  the  NR  and  PR 
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Table  IV 

Relative  EnerRies^  and  Toraional  Angles’  of  Various 
Conformers  of  Polysiiane  As  Calculated  by  the  NH  and  FK* 
Methods 


NR'  FR 


(£)“ 

(O'" 

£“ 

d" 

TT 

0.51 

0.0 

0.7 

0.0 

TG 

0.21 

125 

0.4 

121.4 

GG 

0.00 

125 

0.0 

125.3 

C*G- 

0.41 

-120 

0.4 

-111.2 

“  In  kcal  mor',  given  relative  to  £  =  0.0  kcal  mol"’  for  the  mini¬ 
mum-energy  conformation.  "In  degrees,  given  relative  to  o  =  (0", 
0"l  for  '.he  all-trans.  planar  zigzag  conformation.  'Values  of  £  and 
o  represent  Boltzmann-weighted  averages  taken  from  the  generat¬ 
ed  potentiai-energy  maps. 

Lermined  by  the  relative  magnitudes  of  a.  follows  the  more 
typical  order  TG  >  TT  »  G*G*  »  G*G*.  By  comparison, 
in  the  analogous  n-alkanes  TT  states  are  preferred  over 
G*G*  states  by  ca.  1.0  kcal  mol'y  and  G*G*  states  are 
almost  prohibitively  high  in  energy-. Given  the  prefer¬ 
ences  for  successive  gauche  conformations  and  based  on 
the  assumption  that  irjfc.Tnolecular  energies  generally  have 
only  a  small  effect  on  conformation,®  the  crystalline-state 
configuration  of  polysiiane  is  predicted  to  be  more  likely 
helical  rather  than  similar  to  the  polyethylene  [CH-.CM;-] 
planar  zigzag  conformation.  For  polysiiane  nearly  all  re¬ 
gions  of  the  conformational-energy  space  are  within  2.0 
kcal  mol"'  of  the  energy  minima;  this  is  in  sharp  contrast 
to  the  relatively  high  barriers  06  kcal  mo!"‘)  and  large 
regions  of  prohibitively  high  energy  found  in  the  case  of 
tne  n-alkanes.® 

Values  of  the  relative  energies  and  associated  confor¬ 
mations  o  for  polysiiane.  calculated  by  both  the  FR  me¬ 
thod  of  DW®  and  the  methods  employed  herein,  are  com¬ 
pared  in  Table  IV,  .Agreement  is  satisfactory,  as  one 
would  expect  for  such  a  structurally  simple  and  confor- 
mationaliy  flexible  molecule  as  polysiiane. 

Poly(dimethylsilylcnc).  Tne  potential  energy-  map  for 
polyidimethylsilylene'  based  on  the  PR  calculations  is 
given  in  Figure -1.  .Associated  values  of  (Ei.z.and  (Ob- 

'  are  listed  in  Table  V  along  with  those  derived  from  the 
NR  calculations.  .A  summary  of  the  relative  energies  and 
their  ai-isociated  conformations  for  poiyidimethyisilylenel 
as  calculated  by  the  N'R,  PR.  and  FR  methods  is  given  in 
Table  VI.  In  this  case,  substantial  qualitative  differences 
are  noted  among  the  results  given  by  the  three  methods. 
Specifically,  the  most  striking  difference  is  that,  whereas 
the  GG  state  is  found  prohibitively  high  in  energy  by  the 
NT'i  calculation,  it  is  the  preferred  state  for  the  FR  calcu¬ 
lation.  Since  values  of  the  bond  lengths  and  backbone 
bond  angles  used  in  both  methcxls  are  nearly  identical,  the 
discrepancy  is  largely  attributable  to  torsional  relaxation 
of  the  pendant  Si-CH.,  groups  afforded  by  the  FR  method, 
Tnat  the  influence  of  torsional  relaxation  of  pendant 
groups  is  dominant  is  corroborated  by  the  results  of  the 
PR  calculations,  which,  while  allowing  torsional  relaxation 
only  with  respect  to  the  Si-CH7  bonds,  show  a  marked 
reduction  of  the  relative  energy-  for  the  GG  conformation, 
altnuugh  not  sufficient  to  render  it  the  preferred  confor¬ 
mation.  Of  course,  other  forms  of  structural  relaxation 
(e  g.,  deformation  of  the  Si-C-H  and  Si-Si-C  bond  angles, 
which  the  PR  program  as  wTitten  does  not  include)  would 
b‘,-  expected  to  contribute  but  less  so. 

Notwithstanding  this  discrepancy,  the  three  methods 
do  yield  some  similarities  in  modeling  the  conformational 
characteristics  ot  polyidimethylsilylene).  Specificallv.  all 
three  find  the  G*G*  states  prohibitively  high  in  energy, 
and  th*-  relative  conformational  energy-  preferences  of  TT 


Figure  4.  Conformational  energy-  map  for  polyldimethyLsilylenei 
as  determined  by  the  PR  calculations. 


Table  V 

Pertinent  Conformational  Parameters  for  the 
Polyidimethylsilylene)  Chain  Segment  As  Determined  by 


the  SR  and  PK  Ener^  Caicuiations 

NR 

PR 

.  0 

(£,>" 

if 

•  0 

(£'' 

if 

T{T) 

i.m- 

-5.99 

0 

1.00 

-16.7 

0 

T(G) 

0.26 

-6.04 

125 

0,82 

-17.1 

98 

GIG) 

~o.c 

i'-2) 

125 

0.38 

-17.0 

89 

C*(G-) 

-0.0 

»6 

-115 

~0.0 

"Expressed  relative  to  r  = 

1.00  for  the  TT  state 

.  "In  kcal  mol'y 

given  as  the  Boltzmann-weighted  averages  derived  from  the  con¬ 
formational  energy  maps.  'In  degrees,  in  which  0°  corresponds  to 
the  ali-lrans.  pianar  zigzag  conformation. 

Table  VI 

Relative  Energies"  and  Associated  Torsional  Angles"  of 
Various  Conformers  of  the  Polyidimethylsilylene)  Segment 
•As  Calculated  by  the  NR.  PR.  and  FR’  Force-Field  Methods 


NR'  PR'  FK 


;£'“ 

<£'" 

if 

r<s 

f 

TiTi 

0. 1 

O.U 

0.4-- 

0 

0.9 

U.i.- 

TiGi 

0.0 

125 

0.00 

98 

0,8 

120.3 

GlG. 

125 

0  08 

89 

0  0 

125.3 

G-lGi 

>12 

-115 

c 

,3o.4 

-107.7 

"In  kcal  mor‘,  giver,  relative  to  the  energy  of  the  minimum-en¬ 
ergy  conlurmation.  "in  degrees,  given  relative  lu  c  =  0",  corre¬ 
sponding  to  the  tram  cunlormatiun.  'N'alues  (£'  and  ic-'  corre¬ 
spond  to  Roitzmann-weighled  averages  derived  from  the  respective 
potential  energy  maps:  "Caiculalea  energy-  wa.s  prohihitiveiv  hicn 

and  TG  states  are  in  reasonable  agreement.  While  cor¬ 
responding  values  of  ©  given  by  the  NR  and  FR  methods 
are  close,  the  PR  calculations  located  gauche  states  quite 
smaller  in  magnitude  (and  thus  correspondingly  less  com¬ 
pact)  than  conventional  values  (i.e..  ±120°). 

Values  of  z  obtained  from  both  the  NR  and  PR  calcu¬ 
lations  indicate  that  the  size  of  the  domain  associated  with 
TT  is  larger  than  that  for  TG  or  GG.  Figure  4  is  noted 
for  its  large  regions  of  prohibitively  high  energy-,  in  contrast 
to  that  (Figurr  ,2)  for  polvsiiane  itself,  for  which  nearly  all 
regions  are  within  2  kcal  moP'  of  the  energy-  minima.  The 
difference  is  attributable  to  the  steric  bulk  of  the  methyl 
groups  in  polyidimethylsilylene)  relative  to  that  of  the  H 
atoms  in  polysiiane. 


Table  VII 

\  aiue«^  of  the  Staii^'tica!  Weight  F’arameiers  C  ompuled  at 
2.'»  ®C  Ocrivpd  from  Ke^ult*.  of  the  NU.  )’K.  and  FK 
conformational  Fnerpy  C  aleulationk 

ptilv- 

pK'lvsilane  i  dimethvlNiivlenei 

NK  VR  KK  NK  PH  ~  FH 

;;  To  I  r>  02^ 

^  l.,S  ..  0(H'^  30 

u'  (1  fi:  ...  U’  (Kk»  O-Ocf  0(1 

Chain  Statistics.  The  structural  information  piven  in 
Table  1  and  the  dihedral  anples  listed  in  Tables  IV  and 
V  for  polysilane  and  polyidimethylsilylcne).  respectively, 
were  used  in  coniunction  with  eq  R  and  7  to  calculate  the 

characteristic  ratio  C„ _ _  for  the  two  chains.  The  sltitistictil 

weipht  jtaramcters  c.  ■».  atid  w  computed  at  25  °C  for  tiie 
two  chains  based  on  the  XR,  PR,  and  FR  calculations  are 
listed  in  Table  VII.  For  polysilane,  the  correspondinp 
C„_.  values  are  4.1  and  3.f‘  based  on  the  X'R  and  FR 
calculations,  respectively.  The  nearly  identical  values 
reflect  the  similarity  in  conformational  characteristics 
obtained  by  the  two  different  force  fields  for  this  chain. 
The  relatively  small  value  of  C„ _ for  poiysiiane  is  indi¬ 

cative  of  rather  low  chain  extensibility,  a  feature  consistent 
with  the  chain's  overall  conformational  flexibility  (i.e..  no 
civerxvheitninp  preference  for  any  one  particular  confor¬ 
mational  siatel.  its  identifiable  preferences  for  the  more 
compact  TG  and  G*G*  slates  over  the  alternative  and 
more  chain-exlendinp  TT  stales,  and.  moreover,  its  al¬ 
lowance  lor  G*G'  slates,  whose  occurrence  txTiically  leads 
to  reversals  in  chain  direction.  For  comparison,  values  of 
Cr—  at  25  °C  for  two  other  flexible  poKTOers,  polyethylene 
and  poly(di.methyLsiioxane).  are  6.7"'  and  6,4.“'  re.speaively. 
Values  of  at  25  °C  for  polyidimethylsilylene'  were 
15.0,  13.2.  and  12.5  ba.sed  on  the  .X’R.  PR,  and  FR  calcu¬ 
lations,  respectively.  Given  the  differences  in  conforma¬ 
tional  preferences  predicted  by  the  three  force-field 
methods,  the  closeness  in  the  values  is  surprisinp.  Spe- 
cifcaliy.  the  value  C.,_,  =  12.5  obtained  based  on  the  FR 
calculations  is  only  siipntly  smaller  than  the  correspondinp 
value  of  15.0  based  on  tne  X'R  results,  yet  the  FR  results 
indicated  clear  preferences  for  GG  slates  over  the  alter¬ 
native  TT  and  TG  stales  where,  in  contrast,  the  X'R  results 
%-ielded  precisely  the  opposite  preferences  (i.e..  TT  and  TG 
stales  over  GG).  The.-ie  substantial  quantitative  and 
qualitative  differences  are  obviously  not  sironply  refected 
when  coinparinp  the  correspondinp  C.,_,  values. 

.\n  explanation  for  the  closeness  of  C.,^.  values  in  I'nis 
case  and  the  consequent  lack  of  sensitivity  to  the  MM 
method  used  can  be  found  in  a  detailed  analysis  of  the 
sequences  of  stales  allowable  based  on  the  conformational 
preferences  elucidated  by  the  MM  calculations.  In  point, 
the  helix  associated  with  ...G'‘G*G*G*G*...  sequences, 
predicted  by  the  FR  calculations  as  having  a  hiph  pro'pa- 
bility  of  occurrence,  is  more  compact  than  either  that 
associated  with  the  ...TTTTT...  or  ...TG*TG*T...  sequences 
predicted  by  the  X’R  calculations.  However,  this  is  com¬ 
pensated  somewhat  by  the  fact  that  the  X’R  caicuialions 
also  indicate  hiph  probability  for  sequences  such  as  ... 
TG*TG'T...  and  ...TG^TTG'T...,  whose  inclusion  of 
nearby  pauche  states  of  ipposile  sipn  will  tend  to  divert 
hain  direction  and  thus  foreshorten  the  dimensions  of  the 
chain.  The  FR  calculations  predict  relatively  low  proba¬ 
bility  of  occurrence  of  such  sequences  and,  in  general,  of 
any  sequences  corresponding  to  reversal  or  redirection  of 
chain  propagation.  Thus  in  different  but  nearly  compen¬ 
satory  ways  the  X’R  and  FR  calculations  allow  for  se- 
quence.s  of  .state.s  more  compact  than  the  full\'  extended 


all-tran.-.  (■onfipuraluin.  In  lact.  i:  Ui<-  pi  .ly '  dimn  t;'. 
siiylfnei  chain  adopled  an  all-trans  conformution.  then  as 
r:  =  “  tiK  calculaic-d  value-  of  C,  would  approach  ratner 
than  tiie  values  ( 1J..5-  1,5. Pi  oiilamed  here. 

As  wcvjld  fie  expected  froni  the  imermediate  nature  of 
its  calculated  conformational  energies,  the  PH  method 
yielded  C.,^.  =  13.2,  nearly  midway  between  the  values 
iihiamed  from  using  the  X’R  C’„_.  and  FR  calculations. 
I'he  value  of  obtained  from  the  PR  results  would 
have  been  somewhat  closer  to  that  (12.5)  obtained  from 
the  FR  results  except  that  the  locations  (i.e.,  9(i-l(Kt°)  of 
the  gauche  states  obtained  in  the  PR  calculations  are  mure 
extended  than  those  found  in  the  X'R  and  FR  calculations 
(120-125°). 

The  X'R  results  yield  C.,_.  values  of  3.85,  4.02,  4.15,  and 
4.25  at  0,  25.  50.  and  75  °C.  restiectively.  for  poiysiiane  and 
15.0  at  all  four  temperatures  for  poiyidimethylsiiyiene >. 
That  the  values  for  poiysiiane  increase  slightly  as  the 
temperature  increases  reflects  the  greater  accessibility  of 
the  higher  energx-  and  chain-extending  trans  stat.es.  X'oJues 

of  _ for  poiyidimethylsiiyiene)  are  negligibly  affected 

in  this  icmjierature  range,  as  would  fie  expected  given  the 
virtual  exclusion  of  all  states  except  TT  and  TG  indicated 
by  tiie  X'R  calculations. 
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ABSTR.ACT:  The  technique  of  dynamic  light  scattering  from  isorefractive  ternan.’  solutions  has  been  used 
to  investigate  the  tr.insiational  diffusion  behavaor  of  linear  and  3-arm-sLar  polsnners  m  Linear  poKtner  matrices. 
Diffusion  coefficients  have  been  obtained  for  four  poivstsTene  fPSi  .samples  present  in  trace  amounts  in  solutions 
of  polyivinyl  methyl  ether)  (PVMEi  in  o-fiuorotoluene  over  the  range  0.001-0.1  g.'  mL  in  PVME  concentration. 
The  high  moiecuiar  weight  of  the  PVME  sample.  1..3  x  10'.  guarantees  that  these  concentrations  extend  well 
into  tne  entangled  regime.  For  PS  with  moiecuiar  weights  around  4  x  lO".  a  3-arm  star  diffuses  slightly  more 
rapidly  than  its  linear  counterpart.  However,  when  tne  PS  molecular  weight  exceeds  1  X  lOL  a  3-arro  star 
difluses  much  less  rapidly  tnan  it.-,  linear  counterpart  at  the  higher  matrix  concentrations.  These  data  are 
interpreted  a.s  esadence  for  the  imporxance  of  topology  m  Determining  diffusion  rales  for  polymers  in  concentrated 
solutions.  While  this  oiiservation  is  consistent  with  the  reptation  mechanism,  it  is  also  apparent  that  reptation 
cannot  dominate  the  diffusion  process  un;;!  the  diffusing  molecules  are  thoroughly  entangled  with  the  matrix. 


Elucidation  of  the  mechanisms  by  which  polymer 
moiecuie.s  in  entangled  solutions  and  melts  diffu.se.  relax 
stress,  or  renew  their  conformations  is  an  aim.  with  great 
practical  and  theoretical  importance.  Over  the  past  dec¬ 
ade.  a  large  numiier  of  experimental  and  theoreticai  studies 
have  been  undertaken  to  examine  the  validity  and  range 
of  applicability  of  the  reptation  concept:  the  .subiect  has 
recently  been  reviewed.'  For  polymer  melts,  diffusion 
coefficients  measured  by  a  wide  variety  ot  techniques  are 
consistent  with  the  .\f'-  power  law.  which  car.  he  considered 
the  signature  of  reptation.  However,  the  experimentally 
weli-eslablished  power  law  fur  .shear  viscosity  is  not 
in  agreement  with  the  reptation  prediction.  It  is  not  yet 
ciear  whether  this  discrepancy  can  be  expiained  by  mod¬ 
ifications  to  the  basic  reptation  hypothesis,  whicii  was 
originally  proposed  for  linear  chains  in  fixed  oiislacie.s.- 
or  whetner  fundamentally  different  mulecuiar-ievel  pn- 
ces.ses  need  to  he  invoked.  In  polymer  solutions  above  the 
coil  overlap  concentration,  the  situation  is  even  less  ciear. 
Fieptation-based  predictions  for  the  molecular  weight, 
concentration,  and  solvent  quality  dependence  ol  the 
translational  diffusion  coefficient  have  all  been  compared 
with  experimental  result.*-,  with  distinctly  differing  degrees 
of  agreement.'-' 

The  solution  situation  may  be  more  complicated  than 
that  of  the  melt  due  to  several  factors  including  the  en¬ 
hanced  mobility  of  the  molecules  surrounding  a  test 
polymer,  the  role  of  solvent  quality,  and  the  concentration 
dependence  of  the  monomeric  friction  coefficient.  .Among 
the  possible  contributing  mechanisms  that  have  been 
suggested,  in  addition  to  reptation.  are  (ii  constraint  re¬ 
lease.  or  tube  renewal,  in  which  a  test  chain  moves  laterally 
into  a  vacancy  created  by  the  departure  of  a  neighboring 
chain;*"'  (2)  the  “noodle  effect”,  in  which  a  diffusing  chain 
drags  other  entangling  chains  for  finite  distances;'  (3) 


Siokes-Einstein  diffasion,  in  which  the  test  chain  moving 
a.s  a  hydrodynamic  sphere  experiences  only  the  bulk  so¬ 
lution  viscosity;*'^  and  (4)  diffusion  through  a  field  of  ob¬ 
stacles  that  generate  hydrodynamic  screening.*"'"  To  de¬ 
sign  experiments  to  distinguish  among  these  possibilities, 
given  that  they  are  not  mutually  exclusive,  is  challenging. 
One  promising  approach  is  to  compare  the  diffusion 
coefficients  of  model  branched  polymers  with  those  of 
linear  molecules  under  identical  conditions. 

In  the  framework  of  reptation.  the  presence  of  long-chain 
branches  should  severely  impede  translational  diffusion;'* 
studies  of  3-arm-star  diffusion  in  the  melt  support  this 
picture.''^''  However,  apparently  no  similar  studies  in 
solution  have  been  reported.  The  pioneering  diffusion 
studies  of  von  Metrwali  et  a!.’""'  on  dilute  solution.^  of 
."-arm-star  polystvTenei.  polyisoprenes,  and  polybutadienes 
did  extend  into  the  scmidiiute  regime  in  some  cases,  but 
not  for  sufficient. y  high  molecular  weights  to  expect  en¬ 
tanglement.  These  NMR  measurements  were  performed 
on  binary  solutions,  i.e.,  identical  test  and  matrix  polymers, 
and  thus  represent  a  diflerent  physical  situation  from  that 
examined  here.  Nevertheless,  these  authors'  conclusion 
that  3-arm-slar  and  linear  polymer  diffusion  behaviors  are 
qualitatively  indistinguisnahie  is  interesting  in  light  of  the 
results  presented  belov,.  The  im))oriance  of  pursuing 
diffusion  measurements  in  eniangied  solutions  is  under¬ 
scored  by  considering  that,  unlike  reptation.  none  of  the 
four  mechanisms  listed  aiiove  explicitly  considers  the  to¬ 
pology  of  the  diffusing  polvmer.  .As  a  result,  linear  and 
o-arm-slar  polymers  with  either  equal  numbers  of  entan¬ 
glements  per  molecule  (cases  1  and  2)  or  equivalent  hy¬ 
drodynamic  radii  (cases  .3  and  4i  should  diffuse  at  com¬ 
parable  rates.  To  test  this  hvpothesis.  diffusion  data  are 
presenleU  for  t.wo  3-arm  and  two  linear  polystvTenes  (PS) 
in  semidilnie  soiiition.s  of  linear  polyivinyl  methyl  ether) 


Ethylamine  and  Ammonia  as  Catalysts  in  the  In-Situ 
Precipitation  of  Silica  in  Silicone  Networks* 
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Di'lKirtiufiit  of  Cliciiostnt  and  the  Polunirr  hrsearch  Ctoitrr 
The  V’tnvrrsitu  of  Ciiicmuatt. 

CiunuiKiti.  Ohio  45221 

iiotli  eth\  Utminc  aitci  aiTinu>iiia  in  a()iif^(ius  soliiinin>.  cataiv/t* 
tile  luiirolvMS  iif  Iftraftlivlortiiosilicate  Ki  pmipilale  silica 
filler  vs  itiiin  pois  itlinietlivlsiioxaiie)  elastomers  The  rate  of 
iillt'r  precipitation  can  cars  in  a  complex  manner.  possiliK  due 
to  loss  of  colioitiai  silica  and,  in  the  case  of  the  eths iainine 
solutions,  deswelliiii;  of  the  networks  Increase  in  catalvst  con¬ 
centration  increases  the  precipitation  rate,  and  increase  in 
amount  of  filler  precipitated  dramatically  increases  the  modu¬ 
lus  and  ultimate  strenpth  of  the  networks,  thus  denionstratinp 
the  oesired  reinlorcinc  effects. 


INTRODUCTION 

Silica  filler  max  be  precipitated  into  an  aireadx' 
cross-linked  elastomer  h\  the  hxdroix'sts 

c>C;H,h  -  iH.-O  —  SiO;  -  4C.-HsOH  I]  ' 

cf  tetraethx'lorthosilicate  ITEOS'  present  as  diluent 
in  tiie  network  structure  (1-6  .  The  concept  of  such 
ati  ‘iii-situ’  precipitation  is  nox  el.  and  of  practical 
importance  since  hard  miiieral  fillers,  hosseser  in¬ 
troduced.  can  cixe  considerable  reinforcement  to 
an  elastomer  ,T-]]  \  A  xarietx  of  substances  ha\e 
been  found  to  act  as  cataixst  wr  this  hxdroKsis. 
but  xerx  little  has  beeii  done  to  characterize  the 
rate  of  the  reaction. 

The  present  .studs  concerns  the  use  of  aaueou.s 
solutions  of  etnyiamine  and  ammonia  as  cataix  sts 
tor  tots  iii-stru  precipitation  reaction,  Thex  xxere 
choseii  in  part  bec-ause  of  their  xolatilifx.  which 
makes  them  eas\  to  remoxe  from  the  filled  poixmier 
nervkork.  Of  prima'^  interest  is  the  effect  of  the 
hxdroi'  sis  conditions  or.  tne  amount  of  silica  pre¬ 
cipitated  and  the  etastomeric  Drooemes  of  tne  re- 
suitinc  filled  elastomers. 

EXPERIME.NT.AL  DET.AIL5 

1  He  networks  inx est-tcaled  were  Drepa'ec  ironi 
two  sampies  o:  hx  cro.vx  i-termiuated  por.'  dimett,*- 
xlsiioxane'  i  PDMS  — Si'CH^'-C' — ;  naxme  nurri- 
t>e’'-ax  eratte  iDOiecuia-  weicnts  of  h.f'  and  21.3  x 
10'  c  mol  respectixelx,  Tne  sampies  were  ceu- 
erousix  proxtded  Dx  tne  Doxs  Cornmc  Corporation 
o:  Midland.  Ml,  Tnex  xsere  tetrafunctionalK  end 
linked  ustnc  Si  OC.-H.^  ^  xsith  stannous-f-ethxlnex- 
anoate  as  caiaix.st.  ir.  the  usual  manner  ,13.  13, 
Tiie  resuituic  neixsorks  xxere  extracted  witfi  terra- 


u.  tuT"  at  a  mrrtua;  ot  me  Tuiniw**  of  tni'  Cti^uo- 

X  |y*v’ 


nx'drofuran  and  then  toluene  for  several  davs  to 
remove  soluble  material  ifound  to  be  present  to  trie 
extent  of  a  few  percent;. 

Two  senes  of  samples  were  cut  from  the  ex¬ 
tracted  and  dried  network  sheets.  The  first  con¬ 
sisted  of  a  larce  numtier  of  reiatix  ely  small  pieces 
to  be  used  to  obtain  the  amount  of  filler  precipitated 
as  a  function  of  hydroivsis  time.  Tne  second  con¬ 
sisted  of  a  smaller  num'tier  of  larger  pieces,  in  the 
form  of  stnps  suitable  for  stress-strain  measure¬ 
ments  in  eioncation.  The  dependence  of  the  wi 
perceni  filler  on  time  and  cataixst  concentration 
can  be  expected  to  differ  somewhat  for  the  two 
senes  since  the  TEOS  h\  drolx  sis  and  its  loss  to  the 
surrounding  .solution  would  depend  on  the  ratio  of 
sample  sunace  area  to  v  olume,  and  thus  on  sample 
size  ajid  shape  . 

One  strip  cut  from  each  network  sheet  was  set 
aside  ax  a  reference  maiena!  i('  wt  percent  filler  . 
The  other  network  stnps  v.  ere  swelled  with  TEOS 
to  tiie  ntaximum  extent  anamabie.  which  corre- 
STKinaed  to  a  volume  fraction  of  poivmer  of  approx- 
imatelx  0,3  and  0.2.  re.spectix  elx .  The  sw  ollen  .srnn.s 
were  then  placed  into  aqueous  soiution.s  of  either 
eitixiamine  or  ammonia,  at  a  serie.s  of  coiicentra- 
tiorii  Tne  bx  droi'  sts  of  the  TEOS  was  permitted  to 
ocxTU  at  rcKim  icmperanire  for  xanous  nenods  of 
nnie.  and  valuer  o:  liir  wt  percent  fuier  inconx- 
rated-  were  obtatiied  fyom  tiie  weights  of  the  cned 
stnrts 

Tne  strips  cut  from  tiie  networks  were  used  in 
eioncanon  expennients  to  obtain  the  stress-strain 
i.sotiierms  a;  2S'C  12-15  .  Tne  eiastomenc  prop¬ 
erties  of  pnmars  interest  xxere  the  nominal  stress 
^  i-A'’  •xsnere  t  i.x  tne  equiliiinum  eia.snt  force 
and  --t  ‘  tiie  undetomied  cros.i-sectioiia!  a’-ea'.  and 
trie  reduced  stress  or  modulus  ,  I  5-1  S  q 

—  o'"’  iwriere  o  =  L  L.  is  the  eloncatioii  or  reianxe 
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Iri:  iiii  vltips  All  '.trcs'-str. nil  rile, I'-iiiciiiCMls 

WI  N  i  .irnt  ci  out  1(1  tlif  riipuirc  jioiiits  o!  liir  s.iiu- 
jiius.  I'l.l  uiTc  itfiieralK  rcjiualt'd  ni  part  to  tost  tor 
ri'pi  oiiii'.  iliiiits 

KESI  LTS  AND  DISCUSSION 

Tilt-  ratos  of  tlio  precipitation  reaction  w'ere  stud¬ 
ied  tiirmicti  plots  of  weight  percent  filler  acaiiist 
tune.  Tvpical  results  for  tlie  C:H-,NH:-catai\zed 
s\stein  are  sliown  in  Fip  1  Altiioupii  tlie  rates 
increase  with  cataK  st  coiicentraluin  ((it,  as  ex¬ 
pected,  they  are  seen  to  vary  in  a  complex  manner. 
One  comjihcation  is  the  desweliinc  ol  the  network 
line  to  tnoxemeiit  of  TEDS  and  the  luprodiict 
etlianol  t()  the  siirrtnindinc  aqueous  .solution  Toe 
loss  ol  TEOS  should  he  smalier  in  the  case  oi  tiie 
more  dilute  C;HsNH;  solution  (siikt  it  is  more 
ii\ drophihc and  this  would  e.xplain  the  relatiseix 
simple  nionotonic  form  of  the  correstiondiiip  pre¬ 
cipitation  curses  In  tiie  case  of  the  more  conceti- 
trated  C.-HsNH:  solutions  tne  curses  lesel  off.  be¬ 
cause  ot  the  TEOS  nucration,  and  then  turn  down- 
ss  ard.  presuntahls  because  of  los.s  of  colloidal  silica. 
■At  constant  time,  less  filler  is  precipitated  in  the 


lase  ol  tiie  nelssorks  hasiic  the  l.uttei  s.iliu  ol  tiie 
nioieciiiar  sseiithi  helween  crosslinks,  and  this  is 
prohahis  due  to  iarfter  losses  of  TEOS  and  silica 
Iroin  the  lar);e  'pores"  in  these  networks  in  the 
hiphis  sw'olien  state 


1 - 1 - 1 - 1 - - [ 


hit:  1  vteiir/it  tn-rrent  Tllirr  jnfnuilalrti  shntru  at  a  iiiiirtion  ti* 
/mil  uir  tevrrul  tliiLtiraluit-  siixlrvis  Titr  nrrtf't  iiirali’  fur  rasultt 
tf>'  2  fi  u't  itrrrnif  etiiuiantiru'  ami  thr  tnauf’if’s  tUf  results  lar 
<•  u  t  itf'rreut  tnr  irjpen  si/rututls  are  (or  networks  iiueui':  a 
totuvvuiur  iteiueen  cto\m\\iK\  oi  h  {)  X  }lt-  p  fito!~'.  utn! 

tne  fiiieii  sutnisoU  21.3  X  JO  ^  nm!"' 


7*b»e  1.  Reaction  Coodmons.  Amount  of  firgopffgted.  mnd  Lfftimate  Prooect)®*  of  tne  Fi»»ed  Eiaitomert 
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tc  N'H  ,  has  me  less  afliiiits  tor  tiie  TEOS.  whieh 
vsoiiul  dor  I  east'  the  arnoiint  ol  network  desw  ellmf 
Inlorn  atioii  on  the  anioiints  of  tiller  precipitated 
into  the  actual  strips  used  in  the  stress-strain  rnea- 
surenients  is  ci'eii  in  the  first  fise  cohinins  of  Talih 
I  Tspical  stress-strain  isottierms  otitained  as  <ie- 
scrihed  ahose  are  presented  in  fitts  2  and  3  The 
data  are  siiown  in  tiie  usual  was  il('-]8).  as  tiie 
dependence  of  the  reduced  stress  on  reciprocal 
elonsi.ition  It  is  interesting  to  note  that  increase  in 
ss  t  perr  ent  filler  does  not  alw  as  s  increase  tiie  re- 
diici  '  .iress  [f*.  Tins  must  he  due  to  differences 
111  ti,;  nature  of  tiie  filler  particles,  m  particular 
tlieir  aserape  size,  size  distrihulioii.  or  decree  of 
agglomeration  |ciiaracteristics  ss  lncli  can  he  studied 
in  transmission  electron  microscops  iSlj,  Also,  as 
IS  frequentls  ohsersed  some  of  the  is(i- 

tiierms  for  tiie  more  iieas'iis  filled  networks  did  not 
exliihit  complete  res ersihilits  In  arts'  case,  tiie  pres¬ 
ence  and  efiicacs  of  the  filler  are  demonstrated  hs 
tiie  marked  increases  in  mciduius,  ssith  some  up¬ 
turns  at  the  hicher  eioncations. 

The  data  of  Figs  "  and  3  can  also  be  represented 
m  plots  01  f'  against  a.  in  which  case  the  area  under 
each  stres.s-stram  curse  corresponds  to  the  eriergs 
L-  of  rupture  iI3,',  which  is  the  standard  measure 
of  elastomer  toughness.  Ils  salues.  along  with  saiues 
of  the  maximum  ertensibilits  q,  and  ultimate 
strength  //  are  given  in  the  Last  three  columns  of 
Tahi/'  ]  .AJthough  the  results  show  .some  scatter,  as 
IS  generalis'  the  case  1 1 5;.  some  trends  are  apparent. 
Tnut.  increase  in  wt  percent  filler  decreases  a,  but 
increases/.'.  Trie  latter  effect  predominates  and  £. 
increases  accordmgis .  li:  some  cases,  extremeh 
large  ie\  els  of  reinforcement  are  oDtainecL  as  is 
illustrated  it;  Fig  4  Suer,  nerworks  behave  neariv 
as  thermosets,  with  some  bnttieness  ismall  a,.',  but 
witii  extraordinaniv  ia'ge  values  of  trie  modulus 
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uufpurc  inVi  i/ir  irr  wrrm:  ruu^  zrreim:  tr.  i/tr  finiL<Trfc  aru:  nw 
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till  lu'tuitrks  luji  iiii:  M  ^  h.Om*  ami  filiiul  in  In/ 
.^(/ (*  u't  tM-rci-nf  siilulnni  hilirtl  si/r/*f//ii^  art  ft/r  results 
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fil  *?  Tftf  reauc^^c  stress  sfum't*  as  c  Turiniart  o/  rentyrocal 
cionccticrr.  to-  rirt'uorKs  v^*^crrc  TJi  c  Jf'  ('  u"T  r^rrr.'  Nh-  soiu- 
tioD  .3k  3  tn  i>rrcm:  hiier. .  anc  tu  c  Jo  1/  irt  perem:  SH?  soiutior, 
3-  •  ITT  xx-rrmf  ftiirr 

Correlation  of  results  such  as  tiiese  with  infor¬ 
mation  on  the  particles  obtained  from  scattenng 
experiments  are  in  progress. 
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California  Group  Develops  Accurate  Free 
Energy  Differences  from  Perturbation  Theory 


A  Dowerful  computational  metnod  tor 
tne  calculation  of  free  energies  rtas 
recently  created  a  surge  of  interest 
tnroughcut  tne  world  among  re¬ 
searchers  engaged  in  computer 
simulation  of  molecular  systems.  The 
technioue,  known  as  the  perturbation 
metnod,  is  based  on  the  principles  of 
statistical  mechanics,  a  discipline 
which  seeks  to  explain  the  macro¬ 
scopic  propenies  of  matterfrom  its 
nature  at  the  molecular  level.  Like  the 
alchemists'  oream.  the  perturoation 
metnod  involves  transmutation  of  the 
elements.  Dunng  the  course  of  the 
computer  simulation,  one  nxiiecule  is 
".mutated"  to  another.  When  applied 
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What's  ahead  in  compjuter 
graphics  tor  1987 .  1 

New  Products .  2 

PecDie .  2 

Polycen  introduces 

Che.mNcte .  3 

Welsh  explores  electrical 
conductivity  in  polymers .  4 

Meetings .  10 

Professional  Opportunities ....  14 


to  the  amino  acids  of  a  protein,  this 
simulates  the  effeas  of  site-specific 
mutagenesis. 

The  perturbation  method  has  created 
excitement  in  the  molecular  simula¬ 
tion  community  because  of  its  ability 
to  simply  and  accurately  calculate  tne 
difference  in  free  energy  between 
two  molecular  systems  that  may  differ 
in  Charge,  bonding  and  even  atomic 
makeup.  The  metriod  is  rcoust  and 
gives  values  in  good  accoro  with 
experimerTt.  The  ability  to  calculate 
free  energies  allows  making  realistic 
predictions  of  such  orooenies  as  tne 
binding  of  cnjgs  to  rniacromolecular 


A  new  generation  of  graphics 
supercomputer  systems  with  the 
power  of  more  than  20  VAX  1 1  /780's 
in  a  deskside  package  will  be  available 
within  one  year.  The  power  of  these 
systems  will  have  a  oramialic  impaul  on 
the  fields  of  molecular  modelling  and 
com.outalional  cnemistry .  Tne  poten¬ 
tial  productivity  imiorpvements  go  far 
beyond  a  mere  soeed-up  of  compu¬ 
tations.  They  will  deliver  tnjiy 
interactive  supercomputing  to 
tne  individual  researcher. 

A  typical  molecular  modelling 
installation  today  consists  of  a 


receptors,  the  effects  of  site-speciiic 
mutation  on  enzyme  catalysis,  tne  rel¬ 
ative  solubility  of  small  molecules  in 
water  or  other  solvents  and  the 
effeas  of  solvent  on  reaction 
energies. 

The  predominant  technicues  of  com¬ 
putational  chemistry,  cuantum  mech¬ 
anics,  molecular  mechanics  and 
molecular  dynamics,  only  allow  cal¬ 
culations  of  internal  energies,  or  in 
some  cases  entnaloies.  While  these 
cuantities  have  prediaive  aoiliiy  in 
fav-prable  cases,  these  methccs  nor¬ 
mally  00  not  consider  the  eriea  of 
enrrppy.  Funner,  to  ascertain  tne 

Ccnvnuea  on  cage  7 


suoerminicompuierwith  one  or  more 
attached  graphcs  terminals.  Addi¬ 
tional  compute  cycles  may  oe 
available  in  me  tonn  of  an  array 
processor  or  a  corporate  mainframe. 

A  configuration  such  as  this  has  rm 
very  serious  limitations.  First,  tne 
computational  pencrmance  is  inaoe- 
cuate:  typical  molecular  energy 
calculations  take  hours.  Second,  the 
graphics  terminal  is  a  view-only  device 
that  has  Irttle  or  no  interaaion  with  the 
computational  pan  of  the  task. 

Continued  on  aaae  13 


The  Next  Step  for  Molecular 
Modelling:  Interactive 
Graphics  Supercomputing 


MDL,  Chamicai  Design, 
Beckman  Offer  Maw  Products 


- - 


Molecular  Design  Ltd.,  San  Leandro, 
CA,  has  announced  the  immediate 
availability  for  chemisis  of  volumes  8- 
1 0  of  the  Journal  of  Synthetic 
Methods  (JSM)  in  graphical  computer- 
readable  form,  tailored  for  use  with 
RBACCS,  MDL's  reaction  indexing 
EOttv/are.  JSM,  which  is  published  by 
Derwent  Publications  Ltd.,  London, 
covers  novel  reactions  and  new 
synthetic  methods,  new  compound 
classes  and  functional  groups  and 
extended  applications  of  known 
reactions.  For  additional  information. 


Statement  of  Editorial  Policy 

It  is  the  express  editorial  policy  of 
Cnemical  Design  Automation 
News  to  pubiisn  cbjective  informa¬ 
tion  on  matters  of  technical  interest 
relating  to  the  use  of  computer  auto¬ 
mation  tecnnicues  in  chemca:  and 
engineered  maienais  research,  in 
aoocrcance  with  this  policy,  we  wel¬ 
come  participation  from  all  mdlvicjais 
and  institutions  involved  in  tne  fieic. 
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contact  Marie  Comer  at  MDL,  21 32 
Farallon  Drive,  San  Leandro,  CA 
94577  (425-895-1313). 


Chemical  Design.  Ltd.,  Oxford, 
England,  is  now  offenng  a  range  of 
■intelligent"  cusiomizea  raster  graph¬ 
ics  temninais  tailored  tor  use  witn  its 
Chem-X  molecular  modelling  soft¬ 
ware.  The  new  machines  are  based 
on  tne  6000  senes  displays  produced 
by  Sigmex,  a  European  computer 
graphics  manufaaurer.  The  3D  cus¬ 
tom  firmware  in  Chemical  Design's 
So254L  and  S6234L  terminals  lo 
used  py  tne  ChemMovie  mocuie  of 
Chem-X  to  penorm  calculations 
locally.  This  allows  3D  transtormaticn 
ot  Chemical  strucojres  m  real  time. 
Deotrvojeing  ana  snaoing  options 
are  also  mciucec.  Up  tc  255  diherert 
ccicrs  may  Pe  cispiavec  simuitane- 
cusiv.  selected  trom  a  caiene  c:  mere 
than  16  miiiion. 

The  lerminats  can  pe  purchased 
inoepenceniy  or  as  can  or  a 
MicroGRAF  molecular  moaelling 
workstation,  integrating  graphics 
display.  MicroVAX  II  computer 
suDsystem  and  Chem-X  sotr.'  or 

more  iniormaiion  contact  C  ■  ah 

Dunn,  Chemical  Design  Inc, 

12Q.  200  Route  17.  Manwah,  J 
07430  (201-529-3323)  in  the  U.S.; 
readers  outsioe  the  U.S.  may  contact 
Helen  Gasking.  Chemical  Design, 

Ltd..  Unr.  12. 7  West  Way.  Oxford. 
0X2  CJs  ENGwAN'D  (565-251 -4S3). 


Eeexman  instruments,  inc..  ^jiiencn. 
CA,  has  ar.r.cur.cec  a  new  laocratcr/ 
inicrm.aiion  m.ar.ace.ment  system 
wmen  cperates  on  large  IBM  mam- 
trame  comoute.'S  uncertne  VMS 
cperatinc  system.  The  new  prccuct 
will  allow  large  pioincustnai  companies 


!  Dennis  H.  Smith  has  recently  joined 
Molecular  Design  Limited,  San 
Leandro,  CA,  as  Vice  President. 
Product  Development.  Smith  was 
formerly  director.  Biotechnology 
Research  and  Development  and 
,  pnncioal  investigator  of  tne  BICNET 
Mational  Computer  Resource  of 


Denr.'s 
Smitn,  F'-.r., 
Moecu.a'' 
Design  umuec 


inteliiGenetics,  Mountain  View.  CA, 
^ricrto  that  ne  was  Greue 
Director.  Research  Appucatic.ns 
Ceveicpment  at  ueesne 
■-aporatones.  Pearl  River,  NY, 


Smith  no  Ids  a  B.S.  in  cnemistrv  f.mm 
tne  Massaenusens  institute  cf  Tech¬ 
nology  and  a  Ph.D.  m  chemstn/  trerr 
the  University  of  California.  Berxeiey. 
he  spent  l  £  years  come  research  a; 
Bemeley,  the  Unive.'Sity  of  Brisic:  arc 
Staniorc.  where  ne  was  a  senic' 
research  associate  and  key  pcmnc- 
uiorto  tne  Dencral  ^roier..  an  eanv 
anificial  intelligence  program 


SI 


10  integrate  laccratcrv  :ro' 


men;  c:  a  pancuia'  :ns;a:.a''C' 
acditicnai  mtormation  comae: 
Beckman  instruments,  inc., 
2500  Harpor  Bouievarp, 
rullencn.  CA  S2734-21CC 
(714-671-4848;. 


Polygen  Sketching  i  ool  to  Aid 
Chemists  in  Depicting  Molecules 


Editors  Note:  This  begins  the  first  in  a 
senes  of  ancles  we  will  be  publishing 
on  PC-based  chemical  design 
produce.  We  invite  readers  to  submit 
articles  on  this  subject  to  CD  A 
News. 

The  ChemNote  Sketching  Tool  is  a 
molecular  sketch,  disolay  and  coor¬ 
dinate-generating  tool  that  njns  on 
i3M  PC/AT-compat;oie  microcomou- 
ters.  The  program  allows  the  chemist 
to  sketch  a  two-dimensional  molecule, 
do  a  cuicK  conversion  into  three  dim¬ 
ensions.  and  display  and  manipulate 
the  3D  molecule  interactively.  To  our 
knowledge,  this  is  the  first  commer- 
cially-avaiiable  program  written  forme 
micrccom.cuter  environment  that 
ccmoines  all  these  abilities.  The 
ChemiNcte  Sketcning  Tool  will  be 
rcrrrally  released  9  March  at  the 
Pibsourgh  Conference.  Booth 
?■:  1 C35,  in  Atlantic  Ciry .  NJ.  Pre¬ 
release  cccies  are  currently  available 
r.'c.m  ,=olycen  Cc.-Dorsiion.  Waltnam., 


■"ne  ChemNote  Sketching  Tool  is  net 
intended  to  replace  true  molecular 
mooeliing  programs  based  on  more 
powerful  haruware.  Ratner.  it  is 
intenoec  to  serve  as  a  "cuick-iook" 


tool,  helping  the  chemist  decide 
which  sinjctures  should  be  submitted 
to  a  modelling  program  tor  a  more 
extensive  modelling  run.  Once  a  mol¬ 
ecule  is  built  in  ChemNote,  the  30 
coordinates  of  the  atoms,  as  well  as 
atom  and  bond  types,  can  easily  be 
extracted  for  use  as  a  starting  point  in 
a  modelling  run.  Currently,  Polygen 
also  offers  a  utility  that  converts  a 
ChemNote  molecule  file  into  a 
CHARMM  input  file  (Chemistry  at 
Harvard  Molecular  Mechanics,  a  mo¬ 
lecular  mechanics  program  aiso  avail¬ 
able  from  Polygen)  and  also  provides 
a  convenient  front  end  to  CHARMM. 
Polygen  will  release  a  number  of 
additional  file  conversion  utilities  to 
popular  maintrame  and  microcom.ou- 
ter-based  modelling  proarams  such  as 
MM2.  MOPAC,  GAUSSIAN80  and 
CNDC2.  etc.,  laterthis  year. 

Chem.Note  utilises  a  mouse  to  crovice 
tne  cnemis;  witn  a  user-friendiy 
intenace  to  the  software.  Puil-cown 
menus  ana  graphical  icons  eiiminaie 
tne  need  for  complex  keyboard  com- 
m,ancs.  A  neio  line,  always  visible  ai 
the  oottom  of  the  screen,  alerts  tne 
user  to  errors  arra  warnings  and 
supplies  general  instructons. 


The  Two-Dimensional  Construction 
Mode  of  ChemNote  allows  the  chem¬ 
ist  to  sketch  a  new  molecule  or  frag¬ 
ment  from  the  information  in  any  file 
directory,  display  it  on  the  saeen  and 
edit  the  structure  as  reauired.  Single, 
double,  triple,  resonant  and  hydrogen 
bonds  may  be  used  to  build  tne  mole¬ 
cule,  as  can  any  atom  from  tne  peri¬ 
odic  table.  A  set  of  prefrabricaied  ring 
structures  can  also  be  employed.  Tne 
mouse  is  used  to  build  obiects  on  tne 
screen  and  to  facilitate  positioning 
during  editing.  ChemNote  highlights 
atoms  or  bonds  wheneverthe  cursor 
contacts  them.  All  these  functions 
allow  rapid  construaion  ana  editing  of 
structures. 

In  addition  to  the  sketching  capabili¬ 
ties,  the  2D  construaion  moce  allows 
one  to  assign  cnemical  properties, 
suen  as  partial  atomic  cnarges. 
Chirality,  isotoce  numoe.'.  tree  racicai 
cosnion.  cis't.'ans  ccncs  anc  nng 
cor.iormiation  to  atoms  and  pcncs  as 
appropriate.  This  moce  is  more  than 
)ust  a  preny-piaure  drawer:  it  is  tne 
first  step  in  generating  a  three- 
dimensional  struaure. 
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Figure  1.  Two-aimensionaJ  diagram  ai  morvhine  construaed  in 
■  CnemNoJe. 


Figure  Z  Tnree-aimensionai  vear.or  anc  scaasfiiiing  disaavs 
01  morpnina  in  Cr.emNcte. 


i  heoretical  Studias  of  Elactrical 
Conductivity  in  Poiymars 


Highly  conducting  organic  polymers 
compose  a  promising  and  raoidly  ex- 
oanding  new  research  area.  Indeed, 
the  interest  generated  in  the  conduct¬ 
ing  and  semiconducting  properties  of 
organic  polymers  stems  from  their 
potential  wide  applications  in  antistatic 
ecuicment,  electromagnetic  shield¬ 
ing,  sv;itchabie  contact  bnages,  rec¬ 
tifying  cevices  and  photovoltaic  cells, 
ana  rechargeable  battery  cells  and 
electro-optical  devices,  to  name  just  a 
few.''  Nevertheless,  many  fundamen¬ 
tal  aspects  of  the  physical  and  chemi¬ 
cal  mechanisms  unoertyingthe  remark- 
acie  electronic  propenies  of  these 
coiymers  are  not  well  unaersiocd. 
Much  more  theoretical  worx  is  there- 
;cre  neeoed  to  establish  a  sound 
oasis  fonniemreting  and  even  pre- 
cicfinc  the  electronic  orcoenies  of 
;~55e  materials  from  their  structure. 

.merest  ;n  ccncucting  pciym.ers  inten- 
sit.ec  in  tne  .ast  cecace  witn  tne  cis- 
ccvery  that  tne  eiectncai  conductivity 
c:  cenam  ooiym.ers  can  ce  controlled 
cve.'a  wice  range,  from  insulating  to 
.metallic,  by  tne  acproonate  treatment 
•vith  Cihemical  oxicants  ano  recuctams 
.■'  cocartts"',.  The  breakthrough  came 
i.n  "STi  wnen  ShiraKawa  found  that 
acetylene  can  be  ooiymenzec  to  pro- 
cuce  a  freestanding  film  with  prom¬ 
ising  medhanical  properties.^  and 
wnen.  somewnat  later.  WacDiarmid 
and  Hager  snowed  tnat  ootyacetylene 
oecomes  conducive  oy  exoosmg  it  to 
cxidioing  agents  sucn  as  iodine  or 
arsenic  pentatluor.de.3  Since  these 
imcrgs.  a  plethora  of  fundamental 
nvrsticaticns  nave  ansenircm.the 
'a.".Ks  c!  c.ne.mists.  cnysicisfs.  .Tiate- 
".a.s  scientists  and  tnecraticians.  ootn 
acac5m,ia  anc  irdustr.',  v/ith  the 
ccm.mon  goai  of  prccucirc  a  nevj 
generation  ot  matenals  endowed  with 
tne  pnysical  properties  ot  plastics  and 
tne  elecncal  conducivity  oi  meiais. 

It  is  now  generally  accepted  that 
condudivity  anses  from  the  oxidation 


or  reduction  of  a  suitable  neutral  pre¬ 
cursor  polymer  vwth  the  concomitant 
generation  of  a  salt  in  which  eiecrical 
charge  residing  along  the  polymer 
backbone  is  counterbalanced  by  geg- 
enions.^  For  exarrple,  in  the  reaction 
between  a  penodic  segment  ot  a  poly¬ 
mer  Chain  and  an  oxidizing  agent 
A,  a  cation  radical  of  Pn  is  formed  in 
the  first  redox  reacion  and  a  di-cation 
by  the  second  elecron  transfer 


tp.  •.  X  1 


In  the  language  ot  solid-state  physi¬ 
cists.  tne  ion-radical  is  called  either  a 
soliton  it  the  charge  and  spin  are 
mobile  without  the  necessity  to  cross 
an  energy  barner  while  traversing  the 
chain,  or  a  potaron  if  it  is  linked  to  an 
elastic  Dond  distortion  and  thus  can¬ 
not  move  witnout  cicwng  up  energy. 
Tne  di-ca;ion  ?-  is  reterrec  to  as  a 
cipciarcnpy  analogy. 


The  prototype  of  conducing  poly¬ 
mers  IS  Doivacetyiene  the 

simplest  ana  cenainiy  to  cate  tne  most 
tncrougniy  studied  matenai  in  this 
area.  Pure  ootyacetylene,  wnicn 

exists  in  Doth  ) 

and£is(  )  isomenc  forms, 

IS  an  insulator  like  all  otner  pure  poly¬ 
mers.  It  is  made  conducive  py  accmg 
iodine,  bromine  or  other  oxicizing  and 
reouang  agents,  with  the  conoucivity 
nsmg  snarpiy  with  cocant  concentra¬ 
tion.  Several  other  polymers  also 
become  concuCive  upon  coping, 
tor  example  the  poiypnenyienes, 

1  In. 

the  poiypymoies.  _ 

the  pciy'tncp.nenes 

i  jn. 

and  the  poiyparaphenylene 
vinylenes 


They  all  have  one  salient  feature  in 
common:  they  possess  conjugated 
double  bonds,  i.e.,  extended 
sequences  ot  alternating  single  and 
double  bonds.  Hence,  it  is  reasonable 
to  assume  that  these  conjugated  or 
aromatic  sequences  provide  a  contin¬ 
uous  overlappng  set  ot  molecular 
orbitals  wmch  is  necessary  it  not 
sufficient  for  eiectncai  concucivrty. 

While  the  list  of  conducing  and 
semiconducing  polymers  is  contin¬ 
ually  expanding,  most  experts  believe 
that  conducive  polymers  are  five  to 
ten  years  away  from  leaving  the  labo¬ 
ratory*'  torthe  commercial  marxet.  The 
difficulty  lies  in  the  tac  tnat  tnese 
cppec  Dciymers  are  nighiy  unstable 
and  Quite  difficult  to  process  into 
useable  forms.  To  render  a  polymer 
conducing,  ccoants  must  diffuse 
fhrcucn  me  polymer  in  dcncentra- 
!;cns  rr.udh,  .higher  than  that  used  fo 
conven  silicon  into  a  semcc.nzuctc,-. 
T.ms  causes  arge-scaie  disruption  ci 
me  pciymers  oacKCone.  renoenr.g  it 
more  susceptioie  fc  degrading  agents 
sucn  as  oxygen.  As  a  result,  me  doiy- 
mer  eventually  loses  us  conoucivity 
ana  convens  into  a  onttie  non-oro- 
cessaoie  matenai.  Hence  me  search 
continues  tor  polymers  tnaf  possess 
.hign  conouotivrty  yet  remain  staple 
anc  procBSsabie. 

The  approach  taken  by  the  author  and 
coworxers  .has  been  to  catcuiaie  tne 
so-oalied  band  staicures  ot  vancus 
candicate  polymer  cnams  using 
cuantum  mecnanical  procecures 
based  on  the  Extenoeo  HCicxel 
Theory  lEHT'^  srd.  more  recentiv, 
the  Vaierca  Ehective  i-:am:.tcr:ar, 
'\'EHi  ~r,ecry'  These  calculated 
band  struC'ures  are  akin  tc  these 
co.m.mcn;y  liiust.'ated  m  ciscussic.ts 
me  "banc  ihecry  of  meiais"  i.hciuaec 
in  many  irurocucory  cnemistry 
courses,  (See  Figure  1 ).  One  ot  me 

Continued  on  page  5 


Electrical 

Conductivity 

Continued  from  page  4 

calculations  is  the  so-called  band  gap 
(Eg)  which  is  the  ditterence  in  energy 
between  the  highest  elearon-filled 
band  (i.e.,  valence  band)  arxt  the  low¬ 
est  unoccupied  band  (i.e.,  conduc¬ 
tion  band).  In  insulators  the  energy 
gap  (Figure  1 )  is  sufficiently  large  so 
as  to  virtually  preclude  excitation  of 
electrons  from  the  valence  band  to 
the  conduction  band:  in  metals  the 
valence  and  conduaions  bands  over¬ 
lap,  thus  affording  electrons  in  the 
valence  band  free  movement  through 
the  conduction  band.  In  a  semicotv 
ouctor,  the  energy  gap  is  small 
erough  that  some  electrons  make 
the  transition  simply  by  acouiring  extra 
thermal  energy  (hence  the  conductiv¬ 
ity  of  semiconductors  increases  witn 
temperature). 

As  an  example,  we  have  earned  out 
band  structure  calculations  on  several 
haiogen-suDStitutec  pctyacetyienes 
suen  as  [-CX*:CX]„  and  [-CHsCX^p 
with  X*r  or  Cl.°  Our  i.nieres;  in  these 
systems  is  based  on  expenments 
suggesting  that  suostitution  of  haio- 
cen  atoms  for  some  or  ail  of  the  H 
atoms  in  polyacetylene  imoarts  im¬ 
proved  stability  and.  possibly,  solu¬ 
bility.®  Encouragingly,  our  calculated 
band  gaps  for  both  the  fluonnated 
and  chlorinated  artalogues  were  com- 
oarable  to  those  similarly  calculated  tor 
polyacetylene  itself.  However,  enthu¬ 
siasm  must  be  temoered  in  that  these 
calculations  ponray  the  chains  as 
oertect  conjugated  an-ays  (i.e..  no 
oefeas)  and  oriented  with  the  back¬ 
bone  atoms  lying  in  the  same  plane  so 
as  to  maximize  the  orbital  overlao  (and 
hence  minimize  the  cand  cab).  These 
mcceis  m.ay  therefore  ce  unreaiistic 
an..,,  in  tact,  sub^ecuent  ccnicrma- 
ticnai  energy  ca.*cjlat;cns  cn  sc.me  of 
the  cnicnnatec  analogues  indicate 
that  the  steric  bulk  ot  the  cnlonne 
atoms  forces  these  chains  out  of  a 
bianar  a^ay  with  subseouent  and 
sharp  increases  in  the  band  cap. 
Sim,iiarty,  exceriments  have  indicated 
that  random  substitution  of  Si  (CH3)3 


Figure  1. 
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croups  along  the  poiyacetylene  chain 
improve  soiubility  and  tractaoility.® 
Unfortunately,  these  calculations 
show  that  such  substitutions  have  the 
effect  of  increasing  the  band  gao  and, 
as  in  the  chionne  case,  distorting  the 
conjugated  cnam  array  from  its 
prefened  planar  onentation. 

Our  interest  in  the  polyacetylenes  has 
extended  to  the  analogous  polyynes, 
including  (-C«C]p  arxJ  (-C-C-)Qn  with 
X-S.  Se  or  While  the  calcu¬ 

lated  band  gabfor(-C<=C]r,  was  com¬ 
parable  to  that  found  for  polyacet¬ 
ylene.  in  all  cases  the  'X"  substitu¬ 
tions  caused  a  more  than  coubiing  of 
the  banc  cac.  It  is  evicant  tr.at  such 
substitutions  alone  the  coivmer  oac.k- 
tene  cisruetthe  cnam  ccniucation 
and  ccnsccuent  orbital  cveriab.  (They 
also  prccuce  "kinks"  in  the  otherwise 
redlike  [-C-C)n  cnam). 

These  studies  also  include  polymers 
with  aromatic  backbones.  Much  of  our 
focus  has  been  on  a  group  of  parcat- 


enated  aromatic  heterocyclic  coly- 
mers  wnose  films  and  fibers  are  noted 
fortheir  exceptional  strength,  thermal 
stabiiitv  and  en'/ironmental  resis¬ 
tance.^"'  As  such,  these  materials  are 
the  focus  of  the  L'.S.  Air  Force's 
"Ordered  Polymer'  program,  the  aim 
of  which  is  to  exDloit  these  hign- 
performance  features  for  aercsoace 
applications. 

A  polymer  of  this  type,  poly  (p- 
phenylene  benznbisoxazole)  (PBO), 
is  illustrated  in  Figure  2.  Other 
anaiccues  are  abbreviated  FHT  and 
A3FB1  in  which  the  0  atoms  are 
reolaced  by  S  and  NH,  respectively. 
The  same  exiercec  arcmaticity  and 
rcdllke  stnjc:'j.''e  that  give  nse  tc  tne 
excecticna!  physcal  crcce.nies  cf 
these  cciymers  sneuie  aisc  be  ccr.cu- 
cive  to  electncai  concuctivny.  Banc 
structure  calculations  on  FBO  (See 
Figure  3)  and  PBT  yield  bano  gaps  in 
the  same  range  as  that  found  for  poly- 
acetylene,  thus  encouraging  fu.nner 
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aoetytan^ithuo  onoouraging-further 
theoretical  and  experimemai  studies 
ol  these  and  related  chains.  Indeed, 
recent  band  structure  calculations  on 
AAP90  and  ABPBO  chains  (See 
Figure  4),  two  structurally-related  but 
more  flexible  analogs  of  PBO,  have 
yielded  band  gaps  of  1 .86  eV  and 
2.31  eV,  respectively,  compared  with 
1 .4  - 1 .8  eV  for  our  benchmark 

poiyacetyiene.’^ 

Electrically  conducting  polymers  are  a 
new  and  exciting  class  of  materials 
with  a  wide  range  of  potential  appli¬ 
cations.  While  stability  remains  a  se- 
nous  problem  tor  current  polymers 
exhibiting  conductivity,  it  is  hoped 
that  the  theoretical  studies  unoer- 
ta^en  by  the  author  and  coworkers 
and  by  other  research  groups  will 
uncover  polymer  types  exhibiting 
controllable  electrical  ccnouaivity  yet 
high  stabiiity  so  that  these  apoiica- 
iicns  can  be  realized. 
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Specific  heat  of  tipuid  crystal  copolyester  A  J  Crispin  and  D  Greig 


AprH-ndix 

The  thermodynamic  relation  hetwen  and  C\  is 
C,-C.  =  ri'A7‘ 

where  ITs  the  specific  volume,  K  is  the  bulk  modulus  and 
P  the  volume  coefficient  of  thermal  expansion.  Taking 
r  =  0.71  X  10"‘m’g"‘,  A'  =  50(X)MPa  and  fi=-7x 
10*  K”'  as  reasonable  values'*  for  CO(HBA/HNA)  at 
lOOK  yields  lO'*. 
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Introduction 

In  many  of  their  commercial  applications  siloxane 
polymers  [-SiRR'O-]  are  filled  with  siiica  (SiO.  i  in  order 
to  improve  their  mechanical  properties'  *.  A  series  of 
recent  investigations  have  shown  the  feasibility  of 
precipitating  silica  into  poiyldimethyisiloxanel  (PDMS) 
polymers  or  elastomers  by  the  catalysed  hydrolysis  of  an 
alkoxysilane  or  siiicatc'  *'.  In  the  case  where  the  PDMS 
IS  swollen  by  using  teiraethylorthosiiicate  (TEOSi,  the 
reaction  is  simply 

Si(0C.H,E-2H,0— SiO;-C;H.OH  (1) 

The  filler  panicles  generated  in  situ  have  been  shown  to 
be  unagglomeraied  and  to  have  diameters  of  150- 
250  A"*  '*.  This  technique  has  also  been  successfully 
extended  to  incorporate  silica  into  poiyisobutylene  fPIB) 
eiasiomers*'. 

The  commercially  imponant  polylmethyiphenyl- 
siioxanei  (PMPS)  elastomers  are  also  relatively  weak 
raaieiilas  in  the  unfilled  siaie^^'^*  and  require 
reinfoi  cement  in  most  of  their  applications 
Funhermore.  their  atactic  nature^'-^-  eiiminaies  the 
possibility  of  strain-induced  crystallization,  which  leads 
to  improved  propenies  of  a  variety  of  elastomers  at  high 
eiongations^'"^*.  and.  when  it  can  occur,  is  facilitated  by 
the  presence  of  filler^’-^'’.  It  is  the  purpose  of  this 
communication  to  report  the  reinforcement  of  non- 
crystallizable.siereochemically  well-characterized  PMPS 
elastomers  resulting  from  the  precipitation  in  situ  of  silica. 


Experimental 

The  linear  PMPS  used  in  this  investigation  was 
prepared  by  an  anionic  ring-opening  polymerization  of 
cyclic  teiramer  (PhMeSiO)<  by  using  potassium 
hydroxide  as  the  catalyst  and  has  been  described 
in  detail  eisewhere''’''^A  The  linear  PMPS, 
Me,SiOIPhMeSiOi,-SiMej  had  a  weight-average  molar 
mass.  M...  of  186  000 g  moP  '  and  a  heterogeneity  index. 

of  2.0.  as  determined  by  low-angie  laser  light 
scattenng  and  gel  permeation  chromatography, 
respectively^ The  'H  n.m.r.  spectrum  of  the  polymer 
was  determined  m  deuieraied  chloroform  solution  by 
using  a  300  MHz  spectrometer.  The  tr-methyi  protons 
were  used  to  obtain  the  stereochemical  structure  of  the 
polymer^'  *^'^^"'*.  and  gave  the  fraction  of  meso,  /„..  and 
racemic,  diads  to  be  0.53  and  0.47.  respectively,  and 
hence  the  linear  PMPS  was  found  to  be  siereochemically 
atactic. 

Two  elastomers  were  prepared  from  the  PMPS  as 
described  below .  The  linear  polymer  was  distioived  in 
toluene  f50%  w/wi  and  benzoyl  peroxide  was  added  as  a 
crosslinking  agent.  The  solution  was  then  thoroughly 
mixed  before  being  transferred  to  a  Tefion  fDu  Pont 
registered  trademark)  lined  glass  mould.  The  toluene  was 
evaporated  from  the  mixture  at  reduced  pressure  and  the 
polymer  was  degassed  at  323  K.  The  sample  was  then 
crosslinked  at  393  K  for  1  h  under  a  dry  nitrogen 
atmosphere  at  reduced  pressure  (10mm  Hg).  and  finally 
posicured  at  373  K  for  six  hours. 
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tach  of  the  elastomers  were  then  extracted  for  five  days 
h\  ustne  toluene  to  remove  any  soluble  material  that  they 
contained.  Alter  deswelling  by  using  methanol  as  the  non- 
solvent.  the  elastomers  were  dried  to  constant  weight  and 
the  volume  fraction,  i  jc-  of  polymer  incorporated  into  the 
network  was  determined  in  each  case.  The  sample  having 
the  lower  value  of  the  approximate  high-deformation 
modulus.  2C,.  was  chosen  to  study  the  filler 
reinforcement  due  to  us  higher  extensibility  (larger 
elongation,  a,,  at  rupture!.  These  preliminary  results  are 
summarized  in  Table  1. 

The  silica  was  precipitated  m  situ  into  the  PM  PS 
elastomer  by  the  procedure  described  below.  The 
elastomer  was  divided  into  test  strips  that  were  immersed 
in  TEOS  (Fischer)  for  time  intervals  in  the  range  5  min  to 
24  h  and  the  amount  of  TEOS  incorporated  in  each  case 
was  measured.  The  strips  were  then  placed  in  an  aqueous 
solution  of  2?„  (by  weight)  of  the  catalyst  ethylamine 
(Kodak  I.  and  the  hydrolysis  of  the  silane  was  permitted  to 
proceed  for  24  h  at  298  K.  The  samples  were  then  dried  to 
constant  weight  in  a  vacuum  oven  before  determining  the 
weight  of  filler  introduced  in  each  case. 

Portions  of  the  unfilled  elastomers  and  those  filled  in 
siru  were  then  used  in  the  uniaxial  elongation  experiments 
made  to  obtain  the  stress-strain  isotherms  at  298  K^" 

The  nominal  stress  was  given  by  /’  =  fiA'.  w-here  /is  the 
ela.stic  force  and  /4'  is  the  undeformed  cross-sectional 
area,  and  the  reduced  stress  or  modulus  by 

[/•]= (2) 

where  7  =  L,'L.  is  the  eiongaiion  or  length  of  the  sample. 
L.  relative  to  its  initial  lunexiendedi  length.  L..  All 
measurements  were  made  to  tne  rupture  points  of  the 
samples. 


Table  1  Cnaracicnsiics  oi  the  unfillcQ  notyimetnyinncnvlsiloxanci 
eiasiomers 


Peroxide 
Network  iwt 

ijr' 

fN  mrr. '  * 

;r/ 

1  (N  mrr  *  *) 

CC,  =.‘ 

1  1.6“ 

:  3.8V 

0  86 
0.^' 

0,01 2,: 
0(«bt' 

OOl.v.v 

0.035.1 

0 

0  :<K> 

“  Gel  fracnor 

'■  Mooney -Rivim  clasiiciiy  consianis  isse  cauaiton  1311 
'  Eionpaiion  at  rupture 


Table  2  Rcsuiis  of  filler  rrccipnaiions  and  stress-strain  mcasuremenis 


PreciDuaiion 

results 

Strain-strain  results 

SlO; 

content 

IWt  '■pi 

2C; 

fN  mm '  ^ 

2C; 

)  (fs  mm  ■ ' 

S' 

(js  mm  *  *  1 

10"£/ 

()  mm 

1.00 

0.0 

0.0174 

0.0133 

u:: 

0  0435 

00034 

0.51 

7.0 

0.0310 

0.0337 

2,14 

0.1151 

0,0074 

0.37 

9." 

0.0231 

0.05M 

1.92 

0.1279 

0  0062 

0.26 

13.0 

O.Ck54- 

0.0519 

1.56 

0.1125 

0  0036 

0.1.7' 

38.8 

0  4970 

0.0166 

1.43 

04527 

0  0069 

'  Volume  fraaion  of  polymer  in  the  TEOS-swolicn  network 
r  Nominal  stress  at  rupture 
'  Energy  reouired  lor  rupture 
‘  Equilibrium  swelling  at  298  K 


Result',  and  Distussion 

The  amounl.s  of  filler  incorporated  into  the  PM  PS 
network  are  shown  in  the  second  column  of  Table  2.  The 
sample  swollen  to  its  equilibrium  state  with  TEOS  clearly 
corresponds  to  the  maximum  amount  of  filler  that  it  was 
possible  to  incorporate  by  this  technique,  which,  for  this 
particular  network,  was  38.8 (by  weight)  of  silica. 

The  stress-strain  isotherms  obtained  at  298  K  for  the 
unfilled  PM  PS  networks  and  those  filled  insiiu  are  shown 
in  terms  of  [/•]  and  ct"  ‘  in  Firjure  1.  The  linear  parts  of 
the  isotherms  were  represented  by  the  Mooney-Rivlin 
equation^^-^* 

[/•]  =  2C,4-2CjC(-'  (3) 

and  the  values  for  the  constants  2C,  and  2Cj  are  given  in 
columns  3  and  4,  respectively,  of  Table  2.  The  former 
represents  an  approximation  of  the  high-deformalion 
modulus,  and  2Cj  and  measure  the  extent  to 

which  the  non-affineness  of  the  deformation  increases 
with  elongation^\  Also  of  interest  are  the  elongation,  x,. 
at  rupture  and  the  nominal  stress,  (/•/4*),.  at  rupture, 
and  these  values  are  presented  in  columns  Sand  6  of  Table 
2.  Fitjure  2  shows  the  elasticity  data  of  the  unfilled  PM  PS 
networks  and  those  filled  in  situ  plotted  in  such  a  way  that 
the  area  under  each  curve  corresponds  to  the  energy  .  £,. 
of  rupture^",  which  is  fhe  standard  measure  of  elastomer 
roughness.  These  values  are  given  in  the  last  column  of 
Table  2. 

As  can  be  clearly  seen  in  Fioiirc  1.  the  modulus  or 
reduced  stress  of  the  PM  PS  elastomers  increases  as  a 


Fijruff  1  The  reduced  siress  shown  as  a  function  of  reciprocal 
elongation  for  the  polyimeihyiDhenvisiioxanei  networks  at  298  K.  Each 
curve  IS  labclJed  with  me  weigni  percentage  of  filler  present  in  the 
elastomer.  Open  arcies  locate  results  obtained  from  using  a  senes  of 
increasing  values  of  2.  and  filled  circles  the  results  obtained  out  of 
sequence  to  test  for  rcvcrsibilnv  The  broken  lines  help  to  locate  the 
elongations  at  which  the  reduced  stress  shows  an  upturn  Tne  data 
terminate  at  the  rupture  points 
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funcuon  of  ihe  amount  of  silica  precipitated  in  siiu  into 
the  networks  Such  increases  are  comparable  with 
those  observed  in  the  correspondingly  filled  PDMS 
networks'  It  is  also  noted,  however,  that  an  increase 
in  the  filler  content  reduces  the  extensibility  of  the  PMPS 
elastomers,  as  represented  by  a,,  as  shown  in  Table  2. 

The  experimental  data  in  Figure  I  also  reveals  an 
upturn  in  the  modulus  at  the  highest  elongations  for  all 
the  PMPS  elastomers  filled  in  siiu.  No  upturn  was 
observed  for  either  of  the  two  unfilled  PMPS  networks 
described  in  this  study.  Similar  upturns  have  been 
reported  previously  for  PDMS  elastomers,  filled  by 
analogous  methods®  ''  ' It  has  also  been  reported 
that  the  crystallization  rate  of  PDMS  is  increased  by  the 
presence  of  silica'".  This  has  been  attributed  to  the  partial 
preoriemation  of  the  adsorbed  polymer  (roughly  2-3  nm 
in  thickness  I  or  the  crystallization  nuclei  being  affected  by 
the  presence  of  the  silica'".  It  should  be  noted,  however, 
that  the  effects  of  strain-induced  crystallization  do  not 
manifest  themselves  for  unfilled  PDMS  elastomers' 
at  room  temperature,  due  to  both  the  high  local  mobility 
of  the  PDMS  chains*'"*'  and  the  relatively  low 
elongations,  a,,  at  rupture  for  such  materials'  '"*".  Since 
the  PMPS  elastomers,  which  are  atactic  and  hence 
amorphous  polymers,  also  shown  the  upturns  in  modulus 
at  high  elongations  when  filled  in. situ  with  silica,  this  effect 
obviouslv  does  not  occur  exclusively  as  a  result  of  strain- 
induced  crystallization.  One  source  of  the  additional 
reinforcement  at  high  elongation  is  the  adsorption  of 
polymer  chains  onto  more  than  one  filler  particle**,  by 
interactions  between  surface  hydroxyl  groups  on  the  silica 
particles  and  the  siioxane  polymer  backbone.  It  is  hoped 
that  calorimetric  studies  and  electron  micrographs  of 
polymers  filled  w  situ  in  both  the  unstretched  and 
stretched  states  will  provide  further  information  on  such 
compiicaiec.  but  nevertheless  technologically  important, 
effects. 

Further  studies  of  elastomenc  materials  filled  by  the 
precipitation  in  snu  of  hydrophilic  and  hydrophobic  silica 
particles  and  also  titanium  dioxide  particles'  *  are  in 
progress. 
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High  molecular  weight  polyethylene:  An  n.m.r.  approach  to  partial 
crystallinity  and  swelling  properties  of  thermoreversible  gels 


J.  P.  Cohen-Addad  and  G.  Feio* 

iaboratoire  de  Specttomiuie  Physioue  associe  au  CNRS,  Universiti  ScientifiQue,  Technologigue  et 
Medicate  de  Grenoble,  B.P  87-38402  St  Martin  d'Heres.  Ceaex,  France 

A.  Peguy 

Centre  d'Etudes  et  de  Recherches  sur  les  Macromolecules  Vegetates.  Universite  Scientifigue. 
Technologioue  el  Medicate  de  Grenoble  8.P  6S-38402  St  Martin  d'Heres  Cedes,  France 
(Received  IE  March  1987.  revised  9  June  1987) 


N.m.r  was  used  loinvesucaie  crystalline  properties  of  swollen  polyethylene  pels  obtained  by  qucnchinpsemi- 
dilute  solutions  of  hiph  molecular  weight  chains.  The  two  concemrations  used  were  0.9';,,  and  09  iwyw  |. 
Tne  entanglement  concentration  determined  from  initial  solutions  was  shown  to  control  concentrations  and 
sizes  of  crystallites  in  swollen  gels,  at  room  temneraturc.  Ai.so.  the  slow  elimination  of  .soiveni  was  shown  to 
induce.!  high<rysialiinily  state  in  thedrieo  pel;  whereas,  dried  gets  molten  (or  a  short  lime  and  then  quenched 
at  room  temperature  ex'niDii  smaller  extent  of  crystaliinily  and  less  incrmooynamically  stable  crystallites. 

(Keywords;  pol'elhvlene;  thermorerersiblt'  get;  swelling;  crysiallinitt ;  n.rna.l 


I  lUroducnoi: 

This  work  deals  with  n.m.:.  investications  concerning 
thermoreverstbie  high  moiccuia:  weight  polyethylene 
gels.  ODiained  o>  quenching  semidiluie  solutions.  These 
pnysicai  gels  are  Known  to  originate  fibres  and  films  that 
exhibit  ultra-high  moduli'''  Searching  for  high 
drawabihts.  f.  has  been  shown  that  under  well  defined 
conditions  o,'”  noivmer  concentration,  chain  molecular 
weight  and  gelation  temperature,  the  araw  ratio  of 
polyethylene  gcis  may  be  as  high  as  =  300.  leading  to 
a  'r  oung  moouius  and  a  tensile  strength  equal  to  202  and 
t.2  GPa.  respectively'.  In  Incse  systems,  inieriinkages  of 
cnains  are  mainiv  mediated  oy  crystallites  and  tne  high 
arawability  is  usually  assumed  to  result  from  the  iow 
concentration  of  trapped  entanglements,  determined  by 
tne  semidilute  solution  originating  tne  network 
structure--^  More  precrsclt.  i:  is  currently  consiaered 
that  the  dried  gels,  obsenxd  at  room  temperature,  are 
aeiermiiied  from  a  two-component  structure. 

The  first  one  is  associated  with  parth  crystaliized 
clusters  that  control  coupling  lunctions  of  chains.  The 
second  component  corresponds  to  a  crvsialiizalion 
process  occurring  between  inieriinkage  domains. 
Resulting  crystallites  have  been  clearly  identified  with 
those  obtained  from  dilute  solutions  of  polyethyeinc  . 
The  high  draw  ability  observed  at  about  373  K  is  assumed 
to  reflect  first  the  disappearance  of  crystallites  located 

•  On  leave  from  Centro  da  Fisica  oa  Materia  Condensaoa.  A\  Prof. 
Gama  Pinto.  2-1699  Listxm.  Ponupa! 


between  coupling  lunctions:  then,  these  are  supposed  to 
dissociate,  leading  to  chain  sliding,  until  irreversible 
knots  are  formed  and  a  break  of  the  poiymer  sample 
occurs. 

The  present  n.m.r.  approach  is  aimed  at  attempting  to 
physically  discriminate  between  the  two  crystallized 
components  participating  in  PE  gel  structures. 
Crystallites  represent  a  solid  state;  therefore,  protons 
embedded  in  these  domains  must  exhibit  a  solid-state 
spin-system  respon.se.  This  n.m.r.  observation  was 
supposed  to  be  contrasted  to  that  of  chain  segments 
loining  crystaliiies.  by  originating  a  chain  unfolding 
efiect.  Considering  swollen  PE  pels,  at  room  temperature, 
protons  attached  to  cnain  segments  connecting 
crystaliized  domains  w'erc  expected  to  behave  like  spin- 
systems  pertaining  to  semidilute  solutions  N.m.r.  has 
already  been  extensively  used  to  study  partial 
crystallization  processes  and  swelling  effects  in  gels^  “. 

Experimental 

Material.  Measurements  were  made  on  a  currently 
used  linear  polyethylene  sample  (Hercules  1900 
UH  MW/901 89(;  tts  molecular  weight  and  intnnsic 
viscosity  w'cre  equal  to  bxlO^  and  30cm'' g'C 
respectively.  Gcis  were  prepared  in  decaiin.  2.6-di-i-buty!- 
p-cresol  w'as  added  to  solutions  to  prevent  PE  samples 
Irom  oxidation  (O.J  wvwi.  Dried  gels  were  subsequently 
swollen  by  using  deuterated  toluene  (99.7%  D:  C.E.N. 
Saclay,  France). 
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Polymer-mortined  silica  glasses 

I.  Conitol  ol  sample  hardness 
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1.  INTRODUCTIOW 

The  chemical  reactions  used  in  the  sol-cel  technology'  -  for  preparing  ceramics 
are  illustrated  by  the  hydrolysis  of  an  alkoxysilane. 

SifOR),  -t-  :H:0 - -  SiO;  *  4ROH  (1) 

The  process  first  gives  a  swollen  cel.  which  is  then  dried,  fired,  and  densified  into 
tne  final,  monolithic  piece  of  silica.  There  have  now-  been  a  numoer  of  additional 
studies  using  essentially  the  same  reactions,  but  in  a  very  different  context.*'” 
Snecificaliy,  the  hydrolysis  reactions  are  earned  oui  within  a  pol.vmeric  matrix, 
with  the  silica  generated  in  the  form  of  very  small,  well-dispersed  particles. 

When  the  matnx  is  an  elastomer,  these  particles  provide  the  same  highly 
desirabie  reinforcing  effects  obtained  by  the  usual  blending  of  a  filler  (such  as 
carbon  black)  into  polymers  (such  as  natural  rubber)  prior  to  their  'oeing 
cross-linked  or  cured  into  tough  elastomers  of  commercial  importance. 

Altnough  the  focus  of  these  studies  has  been  on  the  elastomer  reinforcemeni 
that  the  particles  provide,  the  emphasis  can  easily  be  switched  to  the  particles 
tnemseives.  Thus,  the  elastomenc  matnx  can  be  viewed  as  acting  in  the  same 
way  as  the  frozen  low-moiecular-weight  matnees.  which  arc  much  used 
to  immobilize  and  stabilize  molecular  fragments  in  order  to  permit  their 
spectroscopic  charactenzation.*'  It  is  hoped  that  charactenzation  of  the  dis¬ 
persed  ceramic  particles — for  example,  by  scattenng  experiments^ — would 
provide  informaiion  on  the  intermediate  and  final  products  obtained  from  <^/ 
reactions  such  as  that  given  in  Eq.  (1).  It  could  thus  provide  information 
which  would  complement  that  obtained  from  the  possibly  more  complicated 
monolithic  ceramic  objects  of  pnmary  inierest  in  the  sol-gel  technology.'-^ 

2.  VARIOUS  CURING-FILLING  SEQUENCES 

2.1.  Filler  Precipitation  After  Curing 

In  this  technioue  the  polymer  is  first  cured  or  vulcanized  into  a  network 
structure  using  any  of  the  well-known  cross-linking  techniques  such  as  high- 
energy  irradiation,-'  thermolysis  of  peroxides,’*  nonseieciivc  reaction  with  sulfur 
or  meul  oxides,”  or  selective  reaction  of  functional  groups  on  the  polymer  with 


a  Tnulufunciional  small  molecule  ^  "  The  network  is  then  swelled  with  the  siune 
or  related  molecule  to  be  hsdrolyzed  and  is  subsequently  exposed  to  water  at 
room  temperature,  in  the  presence  of  a  cataKst,  for  a  few  hours  The  swollen 
sample  can  be  either  placed  directly  into  an  excess  of  water  containinc  ihe 
catalyst'  ■'  or  merely  exposed  to  the  vapors  from  the  caialysi-watcr  solu¬ 
tion.’  Drying  the  sample  then  gives  an  elasiomcr  that  is  filled  (and  thus  rein¬ 
forced)  with  the  ceramic  particles  resulting  frorr^t^ic  hydroKsis  reaction. 

Although  a  phase-transfer  catalyst  can  be  used  in  such  a  reaction.'  it  was 
found  lo  be  unnecessary  ai  least  for  rclalixely  small  specimens.  Large  samples 
could  of  course  have  a  nonunifoim  distribution  of  particles,  a  possibility  being 
investigated  by  solid-state  ^Si  nuclear  magnetic  resonance  spectroscopy.'' 

Different  alkoxysilanes  can  swell  an  elastomeric  network  to  different  extents 
and  can  hydrolyze  at  different  rates.  Tetraethoxysilane  (TEOS)  seemed  to  be  the 
best  for  the  present  purpose,  as  judged  by  the  amount  of  silica  precipitated  and 
the  extent  of  reinforcement  obtained/"  Using  the  same  cnteria.  basic  cataly  sts 
seemed  more  effective  than  acidc  ones."  Some  preliminary  studies  on  the  effects 
of  catalyst  concentration'  in  particular  and  the  hydrolysis  kinetics"  in  general 
have  been  earned  out.  It  was  found  that  the  rate  of  panicle  precipitation  can 
vary  in  a  complex  manner,  possibly  due  to  the  loss  of  colloidal  silica  and  partial 
desw'clling  of  the  networks  when  placed  into  contact  with  the  catalyst  solution  '* 

Most  of  the  studies  to  date  have  been  carried  out  on  polyidimcthylsiloxane) 
(PDMS)  because  of  the  great  extent  to  which  us  networks  swell  in  TEOS. 
The  same  technique  has.  however,  been  shown  to  give  good  reinforcement  of 
polyi'.  ."loutylene  elastomers.'’  Titanates  have  been  used  in  place  of  silanes,  with 
the  resulting  iitania  particles  also  giving  significant  improvements  in  elastomeric 
properties.” 


2.2.  Filler  Precipitation  During  Curing 

It  is  also  possible  to  mix  hydroxyl-terminated  chains  (such  as  those  of  PDMS) 
with  excess  TEOS.  which  men  serves  simultaneously  to  tetrafunctionally  end- 
link  the  PDMS  into  a  netw'ork  structure  and  to  act  as  the  source  of  siiica  upon 
hydrolysis.  This  simultaneous  cunng  and  filling  technioue  has  been  successfully- 
used  for  PDMS  elastomers  having  a  unimodal  distribution  of  chain  lengths*  as 
well  as  for  PDMS  elastomers"  and  thermosets'"  having  bimodal  distributions. 

The  roles  may  also  be  reversed,  by  putting  tnethoxysilyl  groups  at  the  ends 
of  PDMS  chains.'  as  illustrated  in  Fig.  1 .  Reactive  groups  at  the  surface  of  the 
i/i-5tn/-generatcd  siiica  or  titania  particles  then  react  with  the  chain  ends  to 
simultaneously  cure  and  reinforce  the  ciasiomenc  matenal. 

2.3.  Filler  Precipiiation  Before  Curing 

In  the  above  techniques,  removal  of  the  unreacied  TEOS  and  the  ROH  by¬ 
product  causes  a  significant  decrease  in  volume,  which  could  be  disadvan¬ 
tageous  in  some  applications.  This  problem  can  be  overcome  by  precipitating 
tne  particles  into  a  polymer  that  is  inert  under  the  hydrolysis  condition> — for 
example,  vinyl-terminated  PDMS.'*  The  resulting  polymer-filler  suspension, 
after  removal  of  the  other  materials,  is  quite  stable.  It  can  be  subseoucntly 
cross-linked — for  example,  by  silane  reaction  with  the  vinyl  groups — vvith  only 
the  usual,  very  small  change  in  volume. 


3.  MODIFIED  FILLER  PARTICLES 
3.1.  Surface  Modification 

If  an  iii-j/;u-filled  elastomer  is  extracted  with  a  good  solvent,  its  modulus  and 
ultimate  strength  are  frequently  significantly  increased.*  The  effect  is  probably 


due  10  h>drols  uc  form.ilion  of  addiiioriiji  rcuciuc  proups  on  ihc  panicle  surface 
or  10  removal  of  aPsorPed  small  molecules,  l.hus  incrcasinp  me  numner  of  siiC' 
for  panicle- polymer  bonding. 

3.2.  Induced  Deformabilitv 

In  some  applicalions.  il  may  be  advaniapcous  for  me  filler  panicles  to  have  some 
dcformabililv.  Ii  may  be  possible  lo  induce  such  deformabililv  bv  usinc  a 
molecule  that  is  only  panially  hydrolyzable — for  example,  a  iriemosvsiianc 
R’Si(OR)i.  where  R  could  be  methyl.''  ethyl.'-  vinyl.''  or  phenyl 


4.  TYPICAL  IMPROVEMENTS  IN  ELASTOMERIC 
PROPERTIES 

4.1.  Mooney-Rivlin  Representation/^ 

One  of  the  two  standard  ways  of  representing  elastomenc  data  in  elongation  is 
by  plotting  the  modulus  [;'*1  =  /’/li  —  a~')  against  a"',  where  /*  is  the 
nominal  stress  and  a  <=  L.'L.  is  the  relative  length  or  elongation  Typical  results 
are  shown  in  Fig.  2."  Generating  the  filler  particles  iii-siii/  greatly  increases  me 
elastomer  modulus;  also,  as  mentioned  ir.  Section  3.1.  extraction  with  a  solvent 
gives  further  significant  improvements. 

4.2.  Stress-elongation  Isotherms 

Another  typical  representation  shows  the  nominal  stress  as  a  function  of  elong¬ 
ation.  as  illustrated  for  tttania-filied  PDMS  in  Fig.  3."  The  advantage  of  this 
type  of  Plot  is  ma;  me  area  under  me  curves  corresponds  to  values  of  me  energy 
reouired  for  rupture,  a  standard  measure  of  touenness. 

4.3.  Ultimate  Properiies 

Generation  of  filler  particles  generally  increases  me  ultimate  strength  ([.'’•)  or 
at  rupture)  but  frequently  oecreases  me  maximum  extensibility  ii  at  rupture  I. 
Tne  former  effect  usually  predominates,  with  a  corresponding  increase  in  the 
energy  of  rupture. 

5.  CHARACTERIZATION  OF  PARTICLES 

5.1.  Densities 

Compansons  between  tne  values  of  w;  ‘’/o  filler  obtained  from  density  measure¬ 
ments  and  the  values  ooiained  directly  from  weight  increases  can  give  very 
useful  information  on  the  filler  particles.  For  example,  tne  fact  that  the  former 
estimate  is  smaller  than  the  latter  in  the  case  of  silica-filled  PDMS  elastomers' 
indicates  that  there  arc  probably  either  voids  or  unrcactcd  organic  proups  in  the 
filler  particles. 

5.2.  Electron  Microscopy 

The  transmission  electron  micrograph"  shown  in  Fig  A  reveals  (I )  that  the  par¬ 
ticles  in  this  siiica-filled  PDMS  network  have  an  average  diameter  of  approxi- 


maicU  SO  A.  a  very  desirable  size  for  rciniorcemcnt.'’  '  i2)  ihai  there  is  a 
relatively  narrow  size  distribution.  (3)  that  a  verv  small  amount  of  the  aeelom- 
eraiion.  which  is  usually  a  problem,  consists  of  liller-blended  elastomers.  ' 
and  (4)  that  there  are  well-defined  surfaces  The  cood  definition  ecnerallv  occurv 
when  the  catalyst  is  a  base,  as  is  the  cthyiamine  used  for  tnis  sample  Use  ol  an 
acidic  catalyst,  on  the  otner  hand,  cues  poorly  defined,  ■'fuz/y  '  particles,  as 
illustrated  in  Fig  5""  This  lack  of  dclmition  is  consistent  with  results  in 
the  sol-gel  ceramics  area,  wncrc  it  was  concluded  that  acidic  catalysts  eivc 
structures  that  arc  less  branened  and  less  compact  than  tnose  ootained  ironi 
basic  catalysts. 

5.3.  Small-Angle  X-Ray  and  Neutron  Scattering 

Some  typical  small-angle  X-ray  scattering  results  arc  shown  in  /ig  6  “  The 
radii  of  gyration  thus  obtained  can  be  correlated,  for  example,  with  electron 
microscopy  results  and  with  various  elastomeric  properties  .Also,  the  shapes  ol 
the  curves  can  give  informaiion  on  the  distribution  of  particle  sizes,  and  the 
terminal  slopes  can  indicate  w  nether  the  particles  are  well  defined  islopc  of  —  4) 
or  poorlv  defined  (-31  Similar  exoenments  being  earned  out  using  neutron 
scaltenne  should  also  prove  to  be  very  useful  in  cnaracterizing  ceramic  particles 
of  this  ty  pe 
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Skcich  of  process  for  cros>*iinkmc  Jcnd-bnkinc)  \ncih/tvsiUt-icrmmaicd  PDMS  chains 
hs  means  ol  reactive  suriace  groups  on  siiica  or  iiunu  (utcr  parucies  * 

2.  The  moduius  shown  as  a  funenon  of  reciprocal  elonealion  for  unfilled  and  filled  POMS 
networks  at  25"C  “  Tnc  numivrs  correspond  lo  me  wt  •.*  filici  in  me  neiwork.  and  me 
tetter  7  spccfltcs  treatment  teitracoont  utm  iciransoroturar.  Fihed  ssmrxits  arc  lor 
results  churned  out  of  scuucncc  m  \esi  lor  Tcsersibilns  and  \nc  scrutat  dasned  iinc> 
located  me  rupture  poinis 

I  Figure  3.  T  he  nominal  stress  shown  as  a  i  unction  of  eion  canon  (or  PDMS  networks  at  •  I.ach 
curve  IS  larvcicO  with  me  wi  mania  present  in  me  network 

Figure  4.  Electron  microcrjpn  of  a  PDMS  neiwors.  conuininr  weli-delincd  micj  pjriicies  ohumed 
tn  an  cihv  lamtnci  base  i-C4tai\7ed  nvoroiv  sis  oTT  T  OS  '*  Tnc  icnctn  of  me  bar  in  tnis  ncurc 
corresponos  lo  ICniOA 


figure  1. 


figure  5.  Electron  micrograph  of  a  PDMS  network  coniair.irp  siiica  pariKies  oPuincd  in 

ar  aceiic-acid-cjiai\7ed  nsofoissts  o'^  TEOS  "  Tnc  length  of  me  bjr  m  mis  hcufc 
corresponds  to  llukiA 

Figure  6-  Srr.ah-anpi:  \  -rav  sea  I  ten  np  fS-WSuntensiis  snownasa  function  of  the  scjitcnnr  \cvio' 
lor  POMS  nciwoTRS  conijininc  and  >  4  wt  siuca  Tnc  labels  pi\e  me  values  for 
me  radius  cf  pvratior  and  me  terminal  siopc 


Cross  Linking  wilh  Silica  or  Tllania 
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KNDO/2  and  AMI  molecular  orbital  calculations  have 
been  carried  out  on  a  series  of  structurally  related 
polysilane  and  polygermane  model  compounds.  Conformational 
energies  have  been  computed  as  a  function  of  rotation  ♦ 
about  a  bond  along  the  chain  backbone.  For  each  conforma¬ 
tion,  geometry  optimized  values  of  the  bond  angles  and  bond 
lengths  were  obtained.  For  polysilane  (-SiH*)  the  results 
indicate  nearly  equal  preferences  for  both  trans  and  gauche 
states  and  a  high  degree  of  rotational  flexibility.  For 
poly(permethylBilane )  (-SilCH,),)  the  results  show  a  broad 
minimum  surrounding  trans  with  slightly  shallower  and 
steeper  minima  at  the  gauche  states.  Overall  this  chain  is 
less  flexible  and  exhibits  greater  preferences  for  specific 
conformational  states  (i.e.,  trans  and  gauche ) .  For  poly- 
( permethylgermane )  I-GelCH,),!  the  results  indicate  a  broad 
minimum  located  at  trans  with  steeper  and  slightly  shallower 
minima  near  the  gauene  states.  Compared  with  poly( permethyl- 
silane),  pol y ( pe r me tnyl germane )  exhibits  qualitatively  a  very 
similar  profile  except  that  the  barriers  are  substantially 
lower.  The  authors  wish  to  acknowledge  the  financial  support 
provided  by  the  Plastics  Institute  of  America  and  the  Air 
Force  Office  of  Scientific  Research  (AFOSR). 


INTRODUCTION 


SOLUBLE  POLY( DI-N-ALKYLSILANES )  OF  HIGH  MOLECULAR  WEIGHT 
CONSTITUTE  A  NEW  AND  FASCINATING  CLASS  OF  POLYMERS  WITH 
POTENTIAL  APPLICATIONS  AS  SELF-DEVELOPING  DEEP-UV  RESISTS, 
SILICON  CARBIDE  CERAMIC  PRECURSORS,  AND  PHOTOCONDUCTORS  FOR 
PHOTOCOPYING  APPLICATIONS.  AMONG  THEIR  MORE  UNUSUAL  PROPERTIES 
IS  A  THERMOCHROMIC  UV  TRANSITION  OCCURRING  BOTH  IN  THE  SOLID 
STATE  AND  IN  SOLUTION.  INTERESTINGLY,  IT  HAS  BEEN  FOUND  THAT 
POLYSILANE  DERIVATIVES  SUBSTITUTED  WITH  LONG-CHAIN  ALKYL 
SUBSTITUENTS  (e.g.  POLY ( DI-N-HEXYLSI LANE ) )  SHOW  A  REMARKABLE 
RED  SHIFT  TO  370-380  nm.  MORE  RESENT  STUDIES  ON  POLYGERMANE 
ANALOGUES  BY  R . D . MI LLER , e t  al . ,  SUGGEST  A  SIMILAR  BEHAVIOR  IN 
THIS  CASE.  THIS  PHENOMENON  HAS  BEEN  ATTRIBUTED  BY  SOME  TO  THE 
OCCURRENCE  OF  TRANS-GAUCHE  CONFORMATIONAL  TRANSITIONS  ALONG  THE 
CHAIN  BACKBONE. 

IN  THE  PRESENT  STUDY,  WE  REVEAL  THE  RESULTS  OF  CONFORMATIONAL 
ENERGY  CALCULATIONS  CARRIED  OUT  ON  SEVERAL  SIMPLE  POLYSILANE 
AND  POLYGERMANE  MODEL  COMPOUNDS.  ENERGIES  WERE  CALCULATED  AS  A 
FUNCTION  OF  ROTATION  ABOUT  A  CHAIN  BACKBONE  BOND  TO  OBTAIN  A 
CONFORMATIONAL  ENERGY  PROFILE  E  vs  .  <<> .  THE  RESULTS  ARE 
INTERPRETED  IN  TERMS  OF  THE  PREFERRED  CONFORMATIONS,  ROTATIONAL 
ENERGY  BARRIERS,  AND  OVERALL  ROTATIONAL  FLEXIBILITY  OF  EACH 
POLYMER.  RESULTS  OF  SIMILAR  CALCULATIONS  CARRIED  OUT  ON 
HYDROCARBONS  ANALOGUES  ARE  ALSO  PRESENTED  FOR  COMPARISON 

METHODOLOGY 

THE  AMPAC  (M.J.S.  DEWAR, et  al., QCPE  506)  SUITE  OF  SEMI 
EMPIRICAL  MOLECULAR  ORBITAL  PROGRAMS  WAS  USED  FOR  THE  PRESENT 
STUDY.  MNDO  PARAMETERS  FOR  Ge  WERE  OBTAINED  FROM  M.J.S. 

DEWAR, et  a 1 . , ORGANOMETALLI CS  6,  166  (1987)  AND  ADDED  TO  THE 
PROGRAM.  FOR  EACH  POLYMER  SEGMENT,  CALCULATIONS  WERE  CARRIED 
OUT  USING  BOTH  THE  AMI  AND  MNDO/2  HAMILTONIANS  CONTAINED  IN 
AMPAC.  THIS  WAS  DONE  TO  TEST  THE  SENSITIVITY  OF  THE  RESULTS  TO 
THE  METHODOLOGY  CHOSEN.  FULL  GEOMETRY  OPTIMIZATION  WAS 
IMPLEMENTED  FOR  ALL  CALCULATIONS. 

RELATIVE  CONFORMATIONAL  ENERGIES  E  (IN  KCAL/MOLE )  WERE 
DETERMINED  FOR  EACH  POLYMER  SEGMENT  BY  TAKING  DIFFERENCES  IN 
CALCULATED  MOLECULAR  ENERGIES  PROVIDED  BY  AMPAC  WITH  THE  LOWEST 
ENERGY  ARBITRARILY  NORMALIZED  TO  0.00  KCAL/MOLE. 

MOLECULAR  ENERGIES  WERE  GENERALLY  CALCULATED  FOR  4^  VARIED 
FROM  0-180"  IN  INCREMENTS  OF  15-30".  THE  REGIONS  ((>-0"-180"  AND 
180"-360"  ARE  RENDERED  EQUIVALENT  BY  THE  ROTATIONAL  SYMMETRY  OF 
THESE  CHAINS. 

RESULTS 

THE  RESULTS  OF  THE  CONFORMATIONAL  ENERGY  CALCULATIONS  ARE 
PRESENTED  AS  PLOTS  OF  E  (KCAL/MOLE)  vs.  DEGREES). 
REPRESENTATIVE  VALUES  OF  THE  GEOMETRY-OPTIMIZED  STRUCTURAL 
PARAMETERS  ( i . e , , BOND  LENGTHS , BOND  ANGLES)  ARE  PRESENTED  IN 
TABLES.  THE  CIS  AND  TRANS  CONFORMATIONS  WERE  TAKEN  AS  ^r-O"  AND 
4-180®,  RESPECTIVEY. 


POLYSILANE 

THE  MNDO/2  results  INDICATE  A  GLOBAL  MINIMUM  LOCATED  NEAR 
4>-  +  60*  (GAUCHE)  WITH  A  LOCAL  MINIMUM  LOCATED  NEAR  4>- 1 8 0 ®  (  TRANS  ) 
ONLY  ABOUT  0.05  KCAL/MOLE  ABOVE  GAUCHE.  THE  MAXIMUM  BARRIERS  TO 
ROTATION  ARE  LOCATED  NEAR  4»»±120‘'  (  ECLIPSED)  AND  »)>-0°  (  CIS  )  WITH 
BARRIERS  IN  THE  RANGE  OF  E-0.30-0.35  KCAL/MOLE.  HENCE  THE  CHAIN 
IS  PREDICTED  TO  BE  HIGHLY  FLEXIBLE  WITH  MINIMAL  BARRIERS  TO 
ROTATION  AND  TO  PREFER  THE  TRANS  AND  GAUCHE  STATES  NEARLY 
EQUALLY. 

THE  AMI  RESULTS  ARE  QUALITATIVELY  IN  AGREEMENT.  HOWEVER,  AMI 
SHOWS  A  BARRIER  PEAK  OF  E-0.32  KCAL/MOLE  AT  »-180° ( TRANS )  AND 
YIELDS  SUBSTANTIALLY  LOWER  BARRIERS  TO  THE  CIS  (^-O®) 
CONFORMATION.  ALSO,  AMI  SHIFTS  THE  GAUCHE  MINIMUM  TO  i)-30®. 

THE  MNDO/2  RESULTS  AGREE  CLOSELY  WITH  EARLIER  MM2  FORCE-FIELD 
CALCULATIONS  (W.J.  WELSH, et  al.,  MACROMOLECULES  19 , 2978 (  1986  )  ; 
R.J.  DAMEWOOD  AND  R.  WEST,  MACROMOLECULES  159  (1985)). 

POLY( PERMETHYLSILANE) 

THE  MNDO/2  RESULTS  INDICATE  A  GLOBAL  MINIMUM  ENERGY  REGION 
TRAVERSING  THE  TRANS  (♦-180")  CONFORMATION  WITH  SOMEWHAT 
SHALLOWER  AND  STEEPER  MINIMA  NEAR  THE  GAUCHE  (♦-+60®)  STATES. 
THE  MAXIMUM  BARRIER  TO  FREE  ROTATION  IS  LOCATED  AT  CIS  WITH  E= 
22  KCAL/MOLE;  LOCAL  BARRIERS  SOME  2.7  KCAL/MOLE  ABOVE  THE 
MINIMUM  ENERGY  ARE  LOCATED  AT  THE  ECLIPSED  (♦-+120®) 
CONFORMATIONS.  THE  AMI  RESULTS  ARE  IN  QUALITATIVE  AGREEMENT 
WITH  MNDO/2  BUT  INDICATE  SUBSTANTIALLY  LOWER  BARRIERS  (1.0 
KCAL/MOLE)  TO  FREE  ROTATION. 

AGAIN,  THESE  RESULTS  ARE  CONSISTENT  WITH  THE  MM2  RESULTS  OF 
WELSH, et  al.  AND  OF  DAMEWOOD  AND  WEST. 

POLY{ PERMETKYLGERMANE ) 

THE  MNDO/2  RESULTS  INDICATE  A  BROAD  GLOBAL  MINIMUM  LOCATED 
NEAR  TRANS  WITH  STEEPER  AND  SLIGHTLY  SHALLOWER  MINIMA  LOCATED 
NEAR  GAUCHE  (♦-+60®).  THE  PROFILE  APPEARS  REMARKABLY  SIMILAR  TO 
THAT  OBTAINED  FOR  POLY( PERMETHYLSILANE )  EXCEPT  THAT  THE 
BARRIERS  ARE  UNIFORMLY  LOWER.  THIS  IS  REASONABLE  SINCE  THE 
Ge-Ge  BONDS  ARE  LONGER  THAN  THE  Si-Si  BY  ABOUT  0 .  ••  A,  AND  THIS 
ADDITIONAL  LENGTH  SHOULD  REDUCE  STERIC  CONGESTION. 

THE  AMI  RESULTS  AGAIN  SHOW  QUALITATIVELY  SIMILAR  BEHAVIOR 
EXCEPT  THAT  THE  BARRIERS  TO  ROTATION  ARE  SUBSTANTIALLY  LOWER. 

POLYMETHYLENE 

BOTH  MNDO/2  AND  AMI  RESULTS  INDICATE  A  PRE.^'ERENCE  FOR  TRANS 
(♦-180®)  WITH  LOCAL  GAUCHE  MINIMA  ABOUT  1.0  KCAL/MOLE  ABOVE 
TRANS.  THE  MAXIMUM  BARRIERS  LOCATED  AT  CIS  IS  ABOUT  3.8 
KCAL/MOLE  ABOVE  THE  MINIMUM.  IN  GENERAL  THE  'RESULTS  SHOW  BOTH 
POLYSILANES  AND  POLYGERMANES  TO  BE  MORE  FLEXIBLE  THAN  THE 
CORRESPONDING  HYDROCARBON  CHAIN. 


SUMMARY  AND  CONCLUSIONS 

1.  MNDO/2  AND  AMI  MOLECULAR  ORBITAL  CALCULATIONS  HAVE  BEEN 
CARRIED  OUT  ON  A  SERIES  OF  STRUCTURALLY  RELATED  POLYSILANE  AND 
POLYGERMANE  MODEL  COMPOUNDS.  CONFORMATIONAL  ENERGIES  HAVE  BEEN 
COMPUTED  AS  A  FUNCTION  OF  ROTATION  4>  ABOUT  A  BOND  ALONG  THE 
CHAIN  BACKBONE.  FOR  EACH  CONFORMATION,  GEOMETRY  OPTIMIZED 
VALUES  OF  THE  BOND  ANGLES  AND  BOND  LENGTHS  WERE  OBTAINED. 

2.  FOR  POLYSILANE  [SiH^l  THE  MNDO/2  RESULTS  INDICATE  NEARLY 
EQUAL  PREFERENCES  FOR  BOTH  TRANS  AND  GAUCHE  STATES  AND  A  HIGH 
DEGREE  OF  ROTATIONAL  FLEXIBILITY.  THE  MAXIMUM  BARRIERS  TO  FREE 
ROTATION  ARE  SMALL  AT  ABOUT  0.35  KCAL/MOLE,  HENCE  THE  CHAIN  IS 
PREDICTED  TO  HAVE  HIGH  ROTATIONAL  FLEXIBILITY.  THE  AMI  RESULTS 
ARE  QUALITATIVELY  IN  AGREEMENT  EXCEPT  FOR  A  BARRIER  (0.3 
KCAL/MOLE)  RATHER  THAN  A  MINIMUM  AT  TRANS ,  AND  THE  BARRIERS  TO 
CIS  ARE  SUBSTANTIALLY  LOWER. 

3.  FOR  POLY( PERMETHYLSILANE)  [ Si ( CH, ) , )  THE  MNDO/2  RESULTS 
SHOW  A  BROAD  MINIMUM  SURROUNDING  TRANS'^WITH  SLIGHTLY  SHALLOWER 
AND  STEEPER  MINIMA  AT  THE  GAUCHE  STATES.  THE  MAXIMUM  BARRIER  TO 
ROTATION  LOCATED  AT  CIS,  IS  HIGH  AT  ABOUT  22  KCAL/MOLE.  OTHER 
BARRIERS  OF  ABOUT  2.7  KCAL/MOLE  ARE  LOCATED  AT  THE  ECLIPSED 
(^-+120®)  STATES.  HENCE,  OVERALL  THIS  CHAIN  IS  LESS  FLEXIBLE 
AND  EXHIBITS  GREATER  PREFERENCES  FOR  SPECIFIC  CONFORMATIONAL 
STATES  (i.e.  TRANS  AND  GAUCHE).  THE  AMI  RESULTS  ARE  AGAIN  IN 
QUALITATIVE  AGREEMENT  EXCEPT  FOR  SUBSTANTIALLY  LOWER  ROTATIONAL 
FLEXIBILITY. 


4.  FOR  POLY( PERMETHYLGERMANE)  lGe(CH,).)  THE  MNDO/2  RESULTS 
INDICATE  A  BROAD  MINIMUM  LOCATED  AT  TRANS  WITH  STEEPER  AND 
SLIGHTLY  SHALLOWER  MINIMA  NEAR  THE  GAUCHE  STATES.  COMPARED  WITH 
POLY( PERMETHYLSILANE) ,  POLY ( PERMETHYLGERMANE )  EXHIBITS 
QUALITATIVELY  VERY  SIMILAR  PROFILE  EXCEPT  THAT  THE  BARRIERS  ARE 
SUBSTANTIALLY  LOWER.  THIS  IS  REASONABLE  SINCE  THE  LONGER  Ge-Ge 
BONDS  COMPARED  TO  THE  ANALOGOUS  Si-Si  BONDS  SHOULD  REDUCE 
STERIC  CONFLICTS  FOR  CONFORMATIONS.  AGAIN,  AMI  IS  QUALITATIVELY 
CONSISTENT  WITH  MNDO/2  EXCEPT  FOR  EXHIBITING  LOWER  BARRIERS. 
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( Rt'ccii'ci/ 26  April  148.4) 

Abstract  —Dielectric  ctintlant  measurements  were  earned  out  on  ptilytdimethylsiioxanel  (PDMSi  linear 
chains  C  H i-[Si(CH , ),0] ,-Su CH di  and  cyclics  ^SmCHiUOItP  for  .v  10,  15  and  70.  in  cvclohexanc  and 
in  benzene  at  .40  C  .Mean-square  dipole  moments  y/i's  were  calculated  from  ihc.se  data,  using  Ihc  method 
of  Debye  The  values  thus  obtained  tor  the  linear  chains  are  consistent  with  resuli.s  previously  reported 
tor  short,  linear  PDMS  chains  in  the  undiluted  slate.  Discernible  differences  among  the  values  in  the  two 
stiivenls  and  undiluted  state  arc  manilestaiKins  of  the  “specihc  solvent  effect''  known  to  be  important  in 
longer  linear  chains  the  networks  of  PDMS  The  cyclics  were  found  to  have  dipole  moments  very  stmilar 
to  those  of  the  corresponding  linear  chains  The  cyclics  also  showed  a  specitic  solvent  etfeci.  in  the  same 
direction  as  shown  by  the  linear  molecules 


IVTRODt  (TK)N 

The  chain  molecules  which  have  been  most  cxicn- 
sivcls  studied  with  regard  to  conlorniaiioti-depcnaent 
properties  are  those  of  polyidiniclhsisiloxanci 
iPDMSi,  Experimental  investigations  have  focused 
on  tneir  random-coil  dimensions  [1],  dipole  moments 
[2-4’,.  network  thermoeUisticitv  |l..'i.  stress-optical 
coeHicienls  [6.  and  ring-chain  cvcli/ation  constants 
(8.  dj.  Theoretical  studies  carried  out  to  interpret,  and 
even  predict,  .such  properties  are  based  on  the  well- 
known  rotaiionai  isomeric  stale  theory  [1).  and  have 
been  notably  successful  in  this  regard,  1.  n usual  fea¬ 
tures  of  these  chain  molecules  which  make  them 
attractive  to  both  experimentalists  and  theorists  are 
their  tractibility  and  high-temperature  stability 
(HI,  11],  semi-inorganic  nature  [12],  marked  polarity 
(1.2-4).  unusual  equation  of  state  parameters  (l.ij. 
abnormal  entropies  of  dilution  and  excess  volumes 
[14].  extraordinary  tkxibilily  and  permeability 
|lu.  11,  !5j.  and  (because  of  unequal  skeletal  bond 
anglesi  a  low-energy  conformation  that  approximates 
a  closed  poly  gon  (1. 2)  .Another  interesting  leature  is 
tnc  existence  of  cyciicsH|SilCH,l-Of"  covering  a  wide 
range  in  degree  of  polymerization  v  (8.  9.  16).  as  well 
as  the  unusual  linear  chains  CH-.-fSuCH-.l-O),- 
SkCH,). 

The  present  investigation  is  concerned  with  the 
determination  of  experimental  values  of  the  mean- 
square  dipole  moment  vp-,'  of  PDMS  linear  chains 


and  cyclics  having  .v  c:  10.  15  and  70,  The  required 
dielectric  constant  measurements  are  carried  out  in 
solution,  in  both  cyclohexane  and  benzene  Com¬ 
parisons  with  previous  results  [2.  .4]  obtained  on 
short,  linear  PDMS  chains  in  the  undiluted  state  are 
used  to  document  the  dependence  of  •  tr  ■  on  solvent 
medium  .Also  of  interest  are  possible  differences  in 
xf;'  between  linear  chains  and  cyclics  having  essen¬ 
tially  the  same  degree  of  polymerization  (lb). 

EXPtRIMF.VIAl, 

Tnrcc  PDMS  linear  poivmcrs  ILI.  L2.  L4)  and  three 
cyclics  iCl.  C2.  C4i  were  generously  provided  by  Prolessor 
J  A  Semiven  The  i number-average i  num'ner  n  of  Si— O 
and  (I— Si  skeletal  bonds  and  polydispersiiy  indices  are 
given  in  the  second  and  third  columns  of  Table  1 

■At  lea.si  four  solutions  of  each  of  Ihc  samplc.s  were 
prepared  in  both  cyclohexane  and  benzene,  with  the  weight 
traction  «  of  polymer  ranging  from  (1.(1045  to  0,046  Specihc 
volumes  I  of  the  solutions  were  then  determined  by  dilaio- 
metry.  indices  of  reflection  n  by  diflercniial  relraciomeiry. 
and  dielectric  constants  r  with  the  usual  capacitance  bridge 
and  a  miniature  threc-lerminal  ceil  (i7|  .All  measurements 
pertain  to  .XO 


RESIT  TS  AM>  DISCUS.SION 

A'alues  of  the  eonceniration  dependence  of  the 
quantities  of  interest  were  expressed  as  di  dn. 
dAr  dii.  and  dAii  dii.  where  Ar  =  i;  —  Cil  is  the 


Table  I  t^perirnental  Ja(a  and  results  for  the  PDMS  hnear  chatn.s  and  cvcJjcs  jn  cvclohexanc  at 
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